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Page  2. 

In  the  book  are  presented  taeoretical  bases  and  practical 
methods  for  calculation  and  testing  of  the  de-icing  systems  (POS)  of 
aircraft  and  helicopters. 

On  the  basis  of  the  generalization  of  the  results  of 
experimental  investigations  are  snovn  the  meteorological  conditions, 
under  which  is  possible  the  aircraft  icing  and  power  plant  and  are 
prescribed/assigned  the  conditions,  which  can  be  accepted  as 
calculated  for  design  of  P03. 

Is  shown  the  adverse  effect  of  different  forms  and  forms  of 
icing  on  stability  and  aircraft  nandling  and  operation  of  engine.  Are 
given  the  approximation  methods  of  sizing  of  the  icing  up  zones. 

Are  briefly  examined  contemporary  mechanical,  physicochemical 
and  thermal  deicers  and  are  proposed  criteria  according  to  their 
evaluation  during  design  of  POS.  Primary  attention  is  given  to  th^ 
thermoelectric  and  air-neat  systems,  for  which  are  given  the  detailed 
procedures  of  thermal  designs. 

Are  described  methods  and  the  tests  technique  of  POS  under  the 
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actual  and  artificial  conditions  or  icing  and  are  noted  the  special 
features/peculiarities  of  tests  with  the  imitators  of  icing. 

The  booh  is  intended  tor  tne  engineers  of  the  aircraft  industry, 
instructors  and  students  of  aviation  VTOZ  [higher  technical 
educational  institution]. 


Page  3. 

Preface. 

For  contemporary  aviation  transport  the  task  of  reducing  to  the 
minimum  of  the  effect  cf  meteorological  conditions  on  the  regularity 
of  flights  is  extremely  urgent,  in  its  solution  one  of  the 
fundamental  places  occupies  the  protection  of  aircraft  and 
helicopters  from  icing. 

On  this  guestion  tnere  is  a  sufficiently  large  number  of  foreign 
and  Soviet  works,  but  some  of  tnem  became  obsolete,  and  others  either 
were  dedicated  to  separate  problems  or  represent  only  the 
descriptions  of  the  constructioas/designs  of  de-icing  systems,  o.  k. 
Trunov's  recently  published  nook  [58]  is  the  most  complete  work,  in 
which  are  generalized  many  materials  on  existing  means  of  defense 
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froa  icing;  however,  in  it  ace  insufficiently  represented  the 
practical  nethods  for  calculation  and  testing  of  de-icing  systems. 

At  present  nost  effective  are  thermal  methods  of  the  protection 
of  flight  vehicles  from  icing.  They  require  the  expenditure  of  the 
very  considerable  power  whose  selection  of  engines  in  many  instances 
noticeably  affects  the  rlignt  cnaracteristics  of  flight  vehicle. 
Therefore  the  creation  ot  sufriciently  effective  and  at  the  same  time 
economical  protective  systems  in  many  respects  depends  on  how  are 
correctly  selected  their  design  anu  thermal  parameters.  Specifically, 
to  these  questions  -  to  tne  calculation  of  thermal  deicers,  to  the 
criteria  of  the  selection  or  their  optimum  parameters  and  to  the 
methods  for  testing  de-icing  systems  -  is  given  primary  attention  i.i 
this  book. 

The  authors  express  deep  yratitude  to  N.  G.  Shchitayev,  who 
wrote  Section  2  of  chapter  ii,  o.  d.  Buslayev  for  the  participation 
in  writing  Section  1  of  chapter  Vlil,  and  also  L.  L.  Kerber,  V.  A. 
Krupenikova,  A.  F.  Folomeyev  and  T.  P.  Weshcheryakova  for  valuable 
observations  about  the  manuscript  and  V.  V.  Yegorova,  L.  P.  Festova, 
L.  F.  Vinogradova  and  other  colleagues  for  large  by  aid  for  the 
creation  of  the  book. 

The  authors  express  their  gratitude  to  Cand.  of  tech,  sciences. 
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docent  A.  S.  Zuyev  whose  recommendations  regarding  the  nuaber  of 
questions  of  calculation  and  investigations  of  protective  systems  of 
flight  vehicles  from  icing  are  used  in  the  bock. 

Page  4. 

PRINCIPAL  NOTATIONS  AND  UNITS  OF  HEASUREHENT.  (remaining  designations 
are  given  in  text)  . 

Nechanical  values. 

b  -  size/dimension  of  chord  a; 

C  -  profile  thickness  a; 

D,  d  -  diaaeter  a; 

H  -  flight  altitude  a; 

R,  c  -  radius  a; 

S  -  size/diaension  on  the  enclosure  of  profile/airfoil  a; 


x  -  projection  of  size/diaension  on  chord  direction  a; 
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6  -  thickness  of  the  layer  a; 


F  -  area  in  the  a2; 


a  -  speed  of  sound  in  m/s. 


/,. —  speed  of  the  growtn  of  ice  in  a/s; 


v  -  true  airspeed  in  m/s; 


g  -  acceleration  of  gravity  in  a/s2; 


v  -  water  content  of  clouds  (mass  of  drop-forming  water  into  1  m3  of 
air)  in  kg/a3; 


p  -  density  in  kg/m3; 


G  -  aass  flow  rate  per  the  unit  or  area  in  kg/s«a2; 


p  -  specific  pressure  ir  N/a2; 


Ap  -  drop/juap  in  the  specific  pressures  in  N/a2; 
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« -  partial  pressure  (elasticity)  of  the  saturated  water  vapor  in 
N/m*; 

Am  —  elasticity  of  vapor  at  eguilinrium  temperature  of  surface  in 

v—  kinematic  modulus  cf  viscosity  in  m2/s; 

M  -  coefficient  of  dynamic  viscosity  in  N»s/m2; 

a  -  angle  of  attack  into  rad; 

x —  sweep  angle  into  rad; 

u  -  the  a.ngular  rate  of  rotation  in  rad/s; 

n  -  rotational  speed  in  rad/s. 

Values  of  heat-  and  mass  exchange,  energies  and  powers. 

T  -  temperature  in  deg.  K; 
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t  -  temperature  in  deg.  s; 

—  equilibrium  temperature  of  moist  surface  in  deg.  K; 

AT,  At  -  the  temperature  differential  in  deg.; 

Q  -  heat  flux,  in  W/m; 

q  -  heat-flux  density  (density  of  heating)  in  w/m2; 

X  -  coefficient  of  thermal  conductivity  in  H/m«deg; 

K  -  coefficient  of  heat  transfer  in  W/m2»deg; 

a  -  heat-transfer  coefficient  in  «/m2«deg; 

a  -  coefficient  of  thermal  uiffusivity  in  m2/s. 

Page  5. 

c  -  coefficient  of  heat  capacity  in  J/fcg»deg; 

coefficient  of  heat  capacity  of  the  air  at  a  constant  pressure 
in  J/kg*deg; 
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8  -  the  gas  constant  of  air  lu  J/ag»deg; 


t-»  -  -  latent  heat  of  evaporation  in  the  J/kg; 


L-i  -  specific  heat  of  fusion  ot  ice  in  the  J/kg; 


l-i~  specific  heat  of  conoustion  or  fuel/propellant  in  J/kg. 


Electrical  values. 


E  -  electroaotive  force  in  V; 


0  -  voltage  (potential  difference)  in  V; 


X,  i  -  current  in  metering  circuit  in  A; 


8  -  resistance  in  ohm; 


c«  — •  capacity/capacitance  in  f; 


a#  —  temperature  drag  coefficient  m  Q/deg; 
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7  -  mutual  conductance  of  sensor  (instrument)  in  mv/deg. 

Dimensionless  quantities. 

E  -  general/common/total  (integral)  interception  coefficient  of  the 
drops; 

e—  local  interception  coefficient; 

’in  •  cyclic  recurrence  (relation  to  cycle  tine  to  the  time  of  heating 
one  section) ; 

nK  —  pressure  ratio  in  the  compressor; 

coefficient  of  freezing  ice; 

I,* - coefficient  of  the  numiaity  of  the  surface; 

r*  -  temperature  recovery  factor; 

♦  —  parameter  of  the  relative  size/dine nsicn  of  the  drops; 

H  -  nach  number  (relative  speed)  of  the  flight; 
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*  -  relative  air  humidity  (o/o) . 

Fundaaental  indices. 

1  -  boundary  layer  edge; 

ad  -  adiabatic; 

v  -  water,  and  also  •’internai"; 

vl  -  noist,  moist  surface  (p.  vi.  -  surface  moist); 

v.  p  -  water  vapor; 

g  -  to  the  characteristics  of  galvanometer  (and  also  millivoltmete 
tail,  etc.) ; 

gd  -  hydraulic; 

gf  -  corrugation; 

din  *  dynamic  (to  the  pressure  of  flow) ; 


i  -  evaporation 
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iz  -  insulation/isolaticn; 


k  -  drop  of  the  water; 


kr  -  critical; 


1  -  ice; 


n  -  heating,  heated,  and  also  "external" 


o  -  the  undisturbed  flow. 


p  -  surface; 


pi  -  fill  of  water  on  tne  surface; 


pn  -  coiplete; 


pr  -  instruient,  and  also  "yivenM; 


rasch  -  calculation,  calculated  value; 
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st  -  statistical  (to  the  pressure  of  flow)  ; 

t.n  -  "thereal  knife". 

Page  6. 

ul  -  zone  of  the  catching; 

z  -  zone  of  the  flowing  ru  of  water  on  the  surface; 

e  -  heating  element; 

ekv  -  eguivalent; 

ef  -  effective; 

a  -  to  the  convective  heat  exchange; 

0  -  to  the  values,  connected  with  the  intensity  of  mass  transfer 
(evaporation)  ; 

c  -  to  the  parameters  of  th  saturated  water  vapor; 

B  -  to  a  total  quantity  cf  absorbed  by  water  (on  an  entire  region  of 
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catching)  ; 


r  •  to  a  local  quantity  of  me  absorbed  by  water; 


to  the  total  value  or  quantity. 


Superscripts. 


*  -  to  equilibrium  temperature  or  stagnation  air  flow 


-  relative  value  (dimensionxess) ; 


-  average/mean  value  of  quantity. 
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Part  one. 

CA LCOLATION  AND  IDENTIFICATION  OF  THE  PARAMETERS  OP  DE-ICING  SYSTEMS. 

chapter  I. 

Meteorological  and  design  conditions  of  icing*. 

FOOTNOTE  *.  Section  1.1-  1.J  were  written  by  B.  A.  Stroganov,  Section 
1.4-  A.  I.  Teslenko.  ENDFQOTNOIE. 

1.1.  Fundamental  information  aoout  clouds. 

Aircraft  icing  conoectea  witn  the  presence  in  the  atmosphere  of 
water  in  the  drop-forming  state  with  negative  temperature  and  in  the 
overwhelming  majority  or  me  cases  occurs  during  flights  in  clouds. 

In  meteorology  accept  following  division  of  clouds  into  classes  or 
forms:  cirrocumulus  and  cirrostratus,  altocumulus  and  altostratus, 
laminar,  stratocumulus  and  mmoostrat  us,  cumulus  and  cuauloniibus. 

The  fundamental  characteristics  of  the  clouds  of  various  forms  are 
represented  in  Table  1.  1.  dowever,  in  the  examination  of  clouds  from 
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the  point  of  view  of  icing  it  is  possible  to  be  restricted  by  their 
unification  into  two  groups:  stratus  and  cunulus  clouds,  moreover  the 
first  include  altostratus,  stratus,  stratocumulus  and  nimbostratus 
clouds,  and  to  the  second  -  altocumulus,  cumulus  and  cumulonimbus. 

1.2.  Fundamental  meteorological  parameters  of  icing. 

The  fundamental  meteorological  parameters  on  which  depends  the 
icing,  they  are: 

a)  the  quantity  (mass)  or  water  in  the  form  of  drops,  which  is 
contained  per  unit  of  volume  oi  cloud  (water  content)  ; 

b)  the  temperature,  with  wnicft  occurs  the  icing; 

c)  the  size/dimension  of  the  water  drops; 

d)  the  extent  of  cloud  ou  tne  vertical  line  and  the 
horiz on/level. 

Icing  is  connected  with  tne  defined  set  of  parameters  indicated 
above,  but  from  the  point  or  view  of  recurrence  in  the  flights  of  it 
can  be  considered  as  the  phenomenon  random. 
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Pages  8-9. 

Therefore  during  the  design  or  ae-icing  system  the  design  condition 
of  icing  Bust  be  defined  fro  is  mat  how  frequently  they  are 
encountered  in  practice  and  as  is  dangerous  their  effect  on  flight 
aircraft  characteristics.  Are  mown  cases  [77]  when  icing  was 
encountered  at  very  low  (-oi — 70°C)  temperatures  or  with  extremely 
high  (5-10  g/ra3)  water  content;  aowever,  hardly  this  can  serve  as 
base/root  for  the  selection  of  such  conditions  for  initial  ones 
during  the  calculation  cr  de-icing  systems,  if  are  encountered  th«y 
very  rarely.  The  selection  of  assign  conditions  must  be  produce  d  by 
processing  sufficiently  vast  weataer  data  by  the  methods  of 
mathematical  statistics,  from  this  point  of  view  we  analyze  the 
values  of  the  temperature,  water  content  and  size/dimension  of  drop 
with  icing  in  flight. 

Temperature  of  clouds  wita  icing. 

As  already  mentioned  above,  icing  obuslovlivaetsh  on  the 
presence  at  minus  temperatures  or  the  supercooled  drops  of  water.  T 
ability  of  water  to  remain  in  me  liquid  state,  without  being 
crystallized,  depends  on  a  whole  series  of  the  factors,  including 
such,  which  do  not  yield  to  sufficiently  precise  evaluation  as,  for 
example,  the  contamination  of  water  by  salts  cr  the  presence  of  the 
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mechanical  crystallization  nuclei. 

But  numerous  experiments  £  3  ],  [4],  [40],  C  49  ]  show  that  at  first 
at  relatively  small  minus  temperatures  (-10 — 15°  C)  the  drops  stable 
are  retained  in  the  liquid  state  and  do  not  freeze. 
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Table  1.1. 

Brie**  Cloud  Characteristics. 
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Key:  (1).  Cloud  form.  U).  heignt/altitude  of  lover  boundary,  km. 

(3).  Thickness.  (4).  Extent  on  norizon/level .  (5).  Average/mean  water 
content  g/m3.  (6).  Micrcstracture.  {7).  Mean  arithmetic  radius  of 

drops  p.  (8).  Probability  of  icing  at  minus  temperature.  (9).  Average 
speed  of  ice  formation  m/aiu.  (10).  Appearance.  (11).  Upper  deck. 
(12).  Cirrus.  Cirroc um ulus.  Cirrostratus.  (13).  From  hundreds  of 
meters  to  several  (5-7)  kilometers.  (14).  200-600  km  along  the  normal 
to  front  and  1000  km  and  more  along  front.  (15).  Crystal.  (16).  white 
or  bluish,  usually  very  thin  auu  transparent,  take  form  of  undulating 
or  fibrous  film.  (17).  Average/mean  deck.  (18).  Altocumulus.  (19). 
Altostratus.  (20).  Several  nunmea  meters.  Frcm  1  to  2  km.  (21). 
500-900  km  along  the  normal  tc  front  and  1000  km  and  more  alcng 
front.  (22).  Predominantly  drop.  Mixed.  (23).  (vith 

oscillations/vibrations  trom  3  to  20).  (24).  (greatest  in  upper  cloud 

boundary)  .  (25)  .  White  or  gray  in  the  form  of  waves  or  film,  as  a 

rule,  closing  entire  sky.  (^6).  lover  deck.  (27).  stratocumulus. 

(28).  Laminar.  (29).  Nimbostrat us.  (30).  km.  (31).  To  several 
kilometers.  (32).  200-400  xm  along  the  normal  tc  front  and  1000  km 
and  more  along  front.  (33).  Drop.  (34).  5-10  (with 
oscillations/vibrations  trom  1  to  60)  2-5  (with 

oscillations/vibrations  from  1  to  29)  7-8  (with 

oscillations/vibraticns  from  2  to  72).  (35).  to  1-2  (greatest  in 
upper  cloud  boundary)  G.5-0.6  (greatest  in  lower  part  of  cloud). 

(36).  Gray  or  dark  gray,  in  tne  fora  of  continuous  sometimes  fibrous 
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or  laninar  deposit,  which  iregueatiy  closes  entire  sky.  (37) . 

Vertical  development,  (ju) .  Cumulus.  (39).  kucevno-rain.  (40).  From 
hundreds  of  meters  to  several  milometers  (sometimes  to  tropopause) . 

(4  1).  To  20-30  km  (they  go  alon*  front  by  banks  in  zone  30-1  00  km 
from  front).  (42).  Mixed.  (43).  1.4-2  (greatest  in  upper  part)  2-1 
(to  5)  (greatest  in  upper  parr).  (44).  Dense  white  in  the  form  of 
towers  or  canopies  with  greyisn  or  dark  base/root. 

Page  10. 

Then  begin  to  freeze  majcr  urops,  out  crystallization  occurs  the 
majority  of  drops  it  noniutensi vei y  and  remains  nonfrozen.  Sc,  at 
temperatures  it  is  above  -  36°  C  was  noted  crystallization  only  by 
20c/o  of  drops  with  a  diameter  ox  20-50  p.  Upon  reaching  of  the 
specific  temperature  is  observed  a  sharp  (spontaneous)  increase  in 
the  number  of  freezing  drops  and  in  practice  occurs  complete 
crystallization.  The  temperature  or  spontaneous  crystallization 
depends  on  the  size/dimension  ot  drops,  rate  cf  cooling,  presence  of 
admixtures/impurities,  etc.,  and  on  the  investigations  of  different 
authors  it  has  somewhat  distinct  values.  The  majority  of  the  data 
obtained  by  them  tells  ahout  the  tact  that  virtually  the  limit  of  the 
existence  of  supercooled  water  in  the  drcp-fcrming  form  is  the 
temperature  of  approximately  -40°  c,  although  sometimes  were  obtain sd 
the  supercooled  drops  even  at“72°  c. 
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Fig.  1.1.  depicts  the  dependence  of  the  temperature  of 
crystallization  tKp  on  the  size/di»ension  of  drops  according  to  the 
data  of  the  studies#  carried  out  oy  different  authors.  In  spite  of 
certain  disagreement,  is  distinctly  visible  the  general/commcn/total 
tendency  of  a  decrease  in  crystallization  temperature  with  the 
decrease  of  size  of  drops. 
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Fig.  1.1.  Dependence  of  tne  temperature  of  crystallization  t ^  of  th 
drops  of  water  on  their  sizes/dimensions. 

data:  <  -  Haverly;  -  Hosier;  o-  Dorsh  and  Hecker;  •-  Bigg; 

A  -  Zak  and  flalkinoy;  ■  -  Lararg. 
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However,  the  maximum  temperature  or  the  crystallization  of  drops  is 
substantially  lower  than  tne  maximum  temperature  of  icing,  since  a 
quantity  and  sizes/dimensions  or  nonfrozen  drops  at  sufficiently  lo 
temperatures  of  surrounding  air  are  very  low,  icing  intensity 
insignificant  and  it  is  encountered  rarely. 
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So,  on  the  investigations  or  Pepler,  who  analyzed  the  results  of 
9000  aircraft  soundings  in  Germany,  icing  at  temperature  is  below  - 
8°  C  were  noted  only  intc  22o/o  or  cases.  True,  the  investigations  of 
Pepler  are  related  to  tne  lyJOtn  one-year:  however,  data  on  the 
tests,  carried  out  much  later,  confirm  this  law.  Table  1.2  gives  the 
statistical  data  about  the  recurrence  of  temperatures  at  icing, 
obtained  in  the  USA,  England  and  USSH  in  in  the  period  from  of 
1955-1960  to  [58],  [70],  £  108J,  [124],  [132].  They  also  show  that  a 
number  of  cases  of  icing  at  low  temperatures  sharply  is  decreased  and 
the  overwhelming  majority  of  the  cases  of  icing  occurs  in  the  range 
of  temperatures  from  0  tc  -15®  C. 
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Table  1.2.  Recurrence  ot  different  teeperatures  at  icing. 


Key:  (1).  Tea per at are  of  surrounding  air  of  °C.  (2).  North  America. 
(3).  England.  (4).  European  territory  of  union.  (5).  number  of  cases. 
(6)  .  o/o  from  total  guantity  of  cases.  (7) .  and  it  is  below. 


Page  12. 


Rater  content  of  clouds  with  icing. 


From  water  content,  or  more  precisely  speaking,  from  the 
combination  of  water  content  and  sizes/dimensions  of  drops  in  essence 
depends  a  quantity  of  ice,  which  is  formed  on  lifting  surfaces  of 
flight  vehicle  with  icing. 


To  the  investigation  ot  water  content  in  clouds  is  devoted  a 
large  number  of  works  [25j,  13b],  1 37],  [41],  [50],  [58],  [63],  [80], 
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[82],  [148],  and  the  data  accumulated  at  present  make  it  possible  to 
sufficiently  accurately  rate/ostimate  its  nuaerical  value  in  clouds 
depending  on  temperature. 

The  maximum  value  cf  eater  content  in  clcuds  can  be  obtained  on 
the  basis  of  the  theoretical  calculation  of  the  condensation  of  water 
during  the  adiabatic  process  or  neat  exchange  in  dependence  on 
height/altitude  and  temperature.  Fig.  1.2,  borrowed  from  [40], 
depicts  changes  in  the  value  or  the  concentration  of  liquid  water 
during  its  condensation  under  varied  conditions. 

This  figure  is  interesting  oecause  it  makes  it  possible  to 
rate/estimate  the  re laticaship/ratio  of  water  content  for  clcuds  in 
different  geographical  areas  (tropics,  temperate  zone  and  polar 
climate)  according  to  tne  temperature  of  cloud  base. 

The  theoretical  values  or  concentration  represented  in  Fig.  1.2, 
apparently,  even  if  they  are  encountered  in  practice,  then  only  ir. 
very  powerful/thick  clouds.  Tne  real  values  of  water  content  depend 
on  many  factors  (for  example,  from  the  time  of  the  "life"  of  the 
clouds),  which  cannot  be  taxea  into  consideration  during  theoretical 
calculation;  therefore  for  tne  sufficiently  precise  evaluation  of 
water  content  are  represented  mere  reliable  statistical  data  on  the 
measurements  of  water  ccntent  ot  clouds  in  flight. 
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Such  investigations  ^ce  carried  out  by  a  nuaber  of 
organizations  both  in  tne  USSB  (central  aerological  observatory. 

State  Nil  [Scientific  Sesearch  Institute]  of  civil  aviation)  and 
abroad  -  in  the  USA  (N  Ac  A) ,  England  (ABC),  etc.  Host  completely  these 
investigations  are  reflected  in  works  [37],  [56]. 


.  am*..  < 


DOC  =  79116301 


Piut;  2* 


>11 


\mi£ 


-5 

« 

0  1 5  20 

Pig.  1.2.  The  limiting  concentration  of  liquid  water  (g/m3)  during 
the  adiabatic  process  cf  neat  excnange  depending  on  height/altitude 
and  temperature. 

The  climate:  I  -  polar;  11  -  moderated:  III  -  tropical. 

Key:  (1).  g/m3. 

Page  13. 

The  recurrence  of  the  different  values  of  water  content  in  the 
clouds  of  laminar  forms  at  minus  temperatures  in  middle  latitudes  is 
represented  in  Table  1.3. 
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For  the  clouds  of  ctner  fores  is  retained  the  analogous 
relationship/ratio  between  water  content  and  temperature,  namely: 
with  a  decrease  in  the  temperature  of  cloud  decreases  the  water 
content  and  is  decreased  tue  preoaoility  of  the  rendezvous  of  this 
water  content  with  icing,  dowever,  the  absolute  values  of  water 
content  at  one  and  the  sane  temperatures  of  air  in  the  clouds  of 
various  forms  will  be  substantially  distinct.  Thus,  for  instance, 
aathenatical  expectation  of  tne  value  of  water  content,  designed 
according  to  the  data  of  NACA  [ctlj,  composes  in  cumulus  clouds  0.4 
g/m3,  and  into  laminar  ones  only  0.23  g/m3. 

A  change  in  the  water  content  in  height/altitude  in  different 
types  clouds  is  not  equal.  In  tne  clouds  of  laminar  forms  the  watsr 
content  grows/rises  with  neignt/altituda,  beginning  from  lower  cloud 
base,  it  reaches  maximum  in  upper  third  and  sharply  it  falls  about 
its  upper  boundary.  For  frontal  clouds  as  a  result  of  the 
precipitation  of  water  the  water  content  in  their  upper  parts  is 
decreased,  and  in  lower  ones  it  grows/rises;  therefore  the  maximum  o 
water  content  is  equally  prooaole  in  an  entire  thickness  of  cloud. 
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Table  1.3.  Recurrence  or  tae  aiirarent  values  of  water  content  in  th 

clouds  of  laslaar  forss  at  aiaaa  teaporatures  In  middle  latitudes. 
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Key:  (1).  Teaperatures.  (2).  Mater  content,  g/m3.  (3).  Recurrence  in 
o/o.  (4).  Number  of  cases.  (5).  or.  (6).  Entire  number  of  cases. 
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In  cumulus  clouds  the  water  content  grows/rises  from  lower  boundary 
to  the  middle  of  cloud,  and  taen  is  depressed  to  upper  boundary  and, 
thus,  the  maximum  value  ci  water  content  is  reached  in  the  center 
section  of  the  cloud. 
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Should  be  noted  close  agreement  of  the  results  of  the 
measurements  of  water  content  in  moderate  band  of  the  Soviet  Union, 
USA  and  Canada  [4],  [37],  So,  in  the  clouds  of  laminar  forms  at  minu 
temperatures  the  maximum  or  recurrence  falls  at  the  value  of  water 
content  in  the  USSR  and  Canada  to  0.1  g/m3,  tc  the  USA  to  0.19  g/m3. 
In  this  case  the  maximum  of  water  content  is  considerably  above 
(order  1.5-2  g/m3),  but  according  to  latter/last  data  in  cumulus 
congestus  clouds  was  noted  tne  water  content  of  more  than  40  g/m3. 

The  majority  of  measurements  indicated  above  of  water  content 
was  made  with  the  aid  of  ice-depositing  cylinders  which  average  th- 
measured  water  content  on  tne  distance  of  5-10  km.  Therefore  one 
should  to  assume  that  tnese  data  are  related  in  essence  to  this 
extent  of  the  zone  of  icing.  The  investigations  of  a  change  in  thn 
water  content  in  the  horizontal  extent  of  cloud  in  sufficient  spac- 
it  was  not  produced;  therefore  information  on  this  guestion  tears 
tentative  character.  So,  Pig.  I.j  shows  a  change  of  the  average/mean 
water  content  in  dependence  on  tne  extent  of  zone  L  of  icing, 
borrowed  from  [37]  which  is  constructed  on  the  basis  of  the 
distribution  of  water  content  in  frontal  clouds.  In  Fig.  1.3  points 
additionally  plotted/a  polled  lewis's  data  on  the  investigation  of 
icing  above  north  America. 

In  meteorology  during  processing  of  the  results  of  soundings  of 
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the  atmosphere  frequently  the  aeasurments  of  eater  content 
divide/mark  off  over  temperature  ranges  (0-5°  C;  -5 — 10°  C,  etc.)  and 
is  examined  the  recurrence  or  water  content  independently  in  each 
range.  This  processing  although  uoes  not  give  the 

general/common/total  evaluation  of  the  recurrence  of  water  content 
and  temperature  in  clouds,  it  is  very  convenient  for  the  analytical 
expression  of  the  dependence  of  water  content  on  temperature  and 
recurrence  of  water  content  at  tnis  temperature.  In  analogy  with  the 
concept  of  conditional  prooaoility  accepted  in  mathematics  which 
determines  the  probability  of  event  A  (in  our  case  the  specific  war^r 
content)  when  the  event  B  (in  our  case  the  specific  temperature) 
already  began,  this  recurrence  should  be  called  conditional 
recurrence,  or  recurrence  of  water  content. 
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Fig.  1.3.  The  dependence  of  averaje/mean  water  content  on  the  extent 
of  the  zone  of  the  icing  (points  piotted/applied  Lewis's  data). 

Key:  (1)  .  g/m  3. 

Page  15. 

Some  authors  [37],  £5ti],  £  dl  J  use  the  quantile  of  the  recurrence 
of  the  specific  water  content,  under  which  is  understood  not  only  a 
number  of  cases,  in  which  tnis  water  content  was  observed  at  this 
temperature,  but  also  all  cases,  in  which  the  water  content  was  less 
than  the  given.  So,  90o/c  guautile  mean  that  the  water  content  into 
90o/o  of  cases  at  this  teaperature  was  less  or  equal  to  the  given, 
but  in  lOo/o  of  cases  it  was  more  than  it. 

On  the  basis  of  the  analysis  of  statistical  data  on  water 
content  in  the  clouds  or  x.  P.  Bazina's  laminar  forms  [36]  it 


DOC  =  79116301  PAGj2  ib 

proposed  the  empirical  formula  wmch  gives  the  dependence  between  the 
water  content,  temperature  ana  quantile  of  the  recurrence  of  water 
content  at  the  prescribed/assi^neu  temperature: 

v*  -  P  -  *®<*°°  -  »)l  +  «w  do 

where  -  the  value  of  water  content,  which  corresponds  no/o  to  th- 
guantile  of  recurrence  at  tars  temperature; 

w0 (t)  -  the  value  of  water  content,  which  corresponds  to  63o/o  of 
quantile  of  recurrence,  wared  accept  during  calculation  as  the 
initial; 

e  -  Naperian  base  (e=2.71dJ); 

“ima  “  minimum  value  of  water  content  which  it  can  be  fixed  at 


present  by  the  instruments  used 
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Fig.  1.4.  Dependence  of  water  content  wn  on  ambient  temperatures  t0 
with  different  quantiles  or  water  content. 

Key:  ( 1)  .  g/m 3. 

Page  16. 

Value  v0 (t)  is  deterained  froa  the  eapicical  foraula 
cv(/)  -=-52,5-2^-  (1.2). 

where  t„  -  temperature  of  air  id  °C. 

Value  K>mm  is  equal  to  0.Q2-U.Q4  g/®3  and  during  calculations  ca 


be  oaitted 
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Dependences  uvcalcuj.dt.ea  o y  this  foraula  cn  t0  for  different 
no/o  are  shown  in  Fig.  1.4.  Tney  virtually  coincide  with  the 
dependences  for  the  quantiles  of  water  content,  given  in  work  CbB]. 

From  the  point  of  view  of  providing  flight  safety  during  the 
calculation  of  de-icing  systems  to  more  conveniently  use  not  the 
quantiles  of  the  recurrence  or  water  content,  but  by  the  recurrence 
of  the  rendezvous  of  conaitions  heavier  than  calculation.  It  is  not 
difficult  to  see  that  it  at  thts  temperature  is  selected  water 
content  “V  which  corresponds  to  u  o/o  of  quantile,  then  the 
recurrence  of  the  rendezvous  of  water  content  comprises 

(100-n)  o/o. 

If  we  (100-n) o/o  designate  through  pw%  then,  by 
throwing/rejecting  “Vm  and  uy  substituting  lg  e=0.434,  we  will  obtai 
the  following  calculation  formula: 

-  2.3*',  ( t )  12  -  lg  P„],  (1.  3) 

in  which  P„  -  a  recurrence  of  rendezvous  at  this  temperature  t°  c  o 
water  content,  which  exceeas  water  content  “V 

Size/dimension  of  drops  with  icing. 

Cloud  is  polydispersa  aerosol,  in  which  are  contained  the  drop 
of  different  sizes/dimensions  from  several  microns  to  several  ter.. 
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and  with  rain  -  even  hundreds  of  microns.  The  distribution  of  drops 
in  cloud  according  to  sizes/diaansions  depends  on  many  reasons 
(duration  of  the  "life”  oi  cloud,  the  temperature  of  surrounding  air, 
the  character  of  the  f oraation/education  of  cloud  and  its  type,  etc.) 
[3],  [37],  [40],  [49],  [  t»6  ]«  In  fig.  1.5,  borrowed  from  [107],  are 
shown  comparative  relative  sizes/dinensi ons  of  different  atmospheric 
drops,  in  the  different  authors  it  is  possible  to  find  the  various 
forms  of  the  law  of  the  distribution  of  cloud  drops,  obtained 
empirically  or  derived  with  tne  specific  assumptions. 

Page  17. 

Thus,  for  instance,  tne  law  oi  Khirgian  -  Hazin  takes  the  form 

n  (*)  =  ax*  exp  (— bx),  (1.4) 

and  Palmer's  law 

n  (x)  -  a  exp  (— bx)  (1.5) 

and  both  are  special  cases  oi  tne  distribution,  obtained  by  L.  v. . 
Levin  [32]  on  the  base  oi  Kolmogorov  theorem  about  the  random  process 
of  the  fragmentation: 


In  these  formulas  by  x  is  understood  diameter  of  drop,  a  in 
question,  b,  y  -  empirical  coefficients. 
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In  addition  to  this,  is  a  series/row  of  dependences  (Schumann, 
Best,  Langmuir,  etc.),  tna  drops  linking  distribution  with  water 
content  or  time  whose  examination  does  not  enter  into  our  task. 

However,  it  is  necessary  to  note  that  for  the  characteristic  of 
the  sizes/dimensions  of  drops  in  clouds  they  usually  use  the  values 
of  "average/mean"  radii  or  diameters  which  frequently  have  different 
value,  depending  on  that,  from  what  point  of  view  is  rated/estimat? J 
the  spectrum  of  drops.  Sc  is  distinguished: 

-  the  mean  arithmetic  radius,  equal  to  the  sum  of  radii  of  all 
drops,  divided  into  their  total  number; 

-  mean  modal  radius,  waicn  corresponds  to  the  most  frequently 
encountered  radius  of  the  drops; 

-  semieffective,  i.e.  giving  maximum  contribution  to  the  water 
content; 


-  mean  median,  i.e.  radius  with  which  one  half  an  entire  water 
content  falls  to  more  major  drops,  and  the  other  -  to  small/finer. 
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Fig. 
at  aos 

Key: 

(100 


1.5.  Comparative  relative  sizes/dieensions  of  different 
pheric  drops. 


(1).  Fog  (10  p).  (^) .  oaail/tine  rain 
p)  .  (4).  Drizzling  rain  (2 00  p)  .  (5). 


(1000 

Icing 


p)  .  (3)  .  Hoarfrost 
(20-30  p)  . 
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For  the  characteristic  of  clouds  from  the  point  of  view  of  icing 
greatest  interest  are  01  two  lattar/last  values  of  mean  radius,  sirce 
they  are  directly  connected  witn  water  content  of  clouds.  In  their 
absolute  values  they  are  close  to  each  other,  and  for  the  symmetrical 
spectra  their  values  coincide,  cut  at  the  same  time  they  are 
substantially  different  from  other  mean  radii.  So,  for  a  law 
Khrgian-flazin  the  mean-median  radius,  for  example,  is  obtained  1.83 
times  of  more  than  mean  antnmetic.  Therefore  during  the  analysis  of 
the  meteorological  conditions  or  icing,  examined/considered  by 
different  authors,  should  oe  rocused  attention  on  what  concept  of 
mean  radius  it  is  accepted  for  tnat  being  determining. 

On  the  study  of  the  sizes/dimensions  of  drops,  just  as  water 
content  in  the  clouds  or  various  forms,  is  a  large  number  of  works; 
therefore  we  will  be  restricted  to  indication  that  in  the  opinion  cf 
authors*  majority  the  semief fective  diameters  of  drops  in  stratus  ar~ 
within  the  limits  of  20-15  p,  and  in  cumulus  clouds  30-40  p. 

Water  content  of  ice  clouds  and  fog. 
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Usually  in  ice  deads  icing  does  not  occur ,  but  under  specific 
conditions  (on  the  heated  surface)  can  occur  sufficiently  intense 
icing.  So,  a  whole  series  of  snutdewns  of  engines  "Proteus"  on 
aircraft  "Britain"  [76]  and  [129],  as  it  seemed,  was  caused  by  the 
accumulation  of  the  crystals  or  ice  in  the  air  channel  of  engines. 

In  connection  with  tne  fact  mat  the  crystalline  ice  in  the 
atmosphere  is  obtained  as  a  result  of  the  gradual  crystallization  o 
the  drops  of  water  with  a  temperature  decrease,  the 
general/common/total  water  content  (drop  and  crystal)  of  clouds  eve 
at  low  temperatures  is  very  large  [83],  [120]  and 'fable  1.4. 
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Table  1.«.  Raxiaua  ganecai/coaaon/total  watac  coatant  of  clouds. 


AttunaaliV  Ttwnc- 

P«yp 

°C 

"T*>  1 

a. cor 

BojpiOCTb 

~  vn — 

n  pOTIXeMNOCrh 

KM 

0+  —JO 

3000+  9000 

8,0 

1 

5,0 

5  , 

. 

i 

2.0 

80  15) 

i 

i 

1.0 

150  h  6cm  et 

5.0 

5 

-20+ — 40 

5000+12  000 

2.0 

15 

1.0 

w  d> 

0.5 

150  a  6g*ec 

Key:  (1).  Teaperature  range.  (2).  Altitude  range.  (3).  Mater  content 
g/a3.  (4).  Extent.  (5).  and  more. 
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With  icing  in  fog  we  encounter  in  essence  with  the  operation  of 
engines  on  the  earth/grcund. 


The  value  of  water  content  in  fog  for  the  different  values  of  a 
aean  arithmetic  radius  ct  drops '  rK  is  given  in  Jfable  1.5,  borrowed 
froa  work.  [  63  ]. 


1.3.  The  design  conditions  or  icing1. 


FOOTNOTE  *.  Conditions,  assigned  for  the  calculation  of  the 
paraaeters  of  pos.  endfootnjte. 
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Above  were  separately  examined  the  recurrence  of  icing  and  the 
recurrence  of  the  value  cf  water  content  at  different  temperatures  of 
air  which  in  the  first  approxiaatJ.cn,  subsequently  let  us  accept  for 
the  probability  of  the  rendozvous  of  icing  and  value  of  water  con  ten4- 
at  these  teaperatures.  let  us  designate  the  probability  of  the 
rendezvous  of  icing  at  temperature  t  through  P>  and  the  probability 
of  rendezvous  at  this  sate  temperature  of  the  value  of  water  content, 
greater  than  certain  computed  value  through’^,,.  Then  the 
probability  of  the  joint  rendezvous  of  the  conditions  of  icing  at 
temperature  t  ace  by  water  content  ®>u»Pis  equal  to  the  product  cf 
the  probabilities  of  the  events  indicated: 

P,  =  PrPw  ('• 

Otilizing  the  data  examined  a  cove  (see  Table  1.2  and  1.3) 

through  the  recurrence  cf  icing  and  water  content,  we  find  value  r0 
at  different  temperatures,  tnen  according  to  the  foraula,  analogous 
(1,3),  we  determine  the  value  of  water  content  “V  The  results  of 
calculations,  represented  in  tne  form  of  function  from  the 
temperature  of  air  for  aif rerent  P0,  are  given  in  Fig,  1,6. 

This  form  of  the  assignment  of  the  calculated  values  of  water- 
content  is  most  substantiated,  since  it,  in  the  first  place, 
sufficiently  clearly  shows,  with  what  probability  should  be  expected 
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the  rendezvous  of  the  conditions  or  icing  more  heavily  in  the  sens 
of  larger  water  content  than  those,  to  which  is  designed  protectiv 
system,  and,  in  the  second  place,  is  assumed  this  probability  of 
identical  in  entire  temperature  range  of  icing,  which  is  important 
from  the  point  of  view  of  providing  flight  safety. 
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Table  1.5.  later  content  of  tog. 


u> 

Bna  Ty*ia«« 

ropHSOKTaJIb- 

/3)  P.u»i>t  #K  • 

k  MK 

nan  BHAVtfOCTb 
L 

M 

- 5  ; 

(+4 )  BoAHuc  Tb  It  a 

1 

rycToUTyuaw  (& 

GnafaJ  TywaH  «*> 

Humca  ft) 

! 

so 

1000 

2000 

0,39 

0,020 

0.010 

0.66  | 
0.033 
0,016 

1.06 

0,062 

0.026 

x 

;  •  ‘ 

* 

Key:  (1).  Fora  of  fog.  (2).  Horizontal  visibility.  (3).  Radius  of 
drop  in  p.  (4).  Water  content  in  g/mJ.  (5).  Dense  fog.  (6).  Haz-. 
(7)  .  Mist. 
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To  avoid  misunderstanding  should  be  again  focused  attention  on 
the  fact  that  probability  P0  or  the  joint  rendezvous  of  water  content 
and  temperature  is  related  to  the  recurrence  of  the  specific 
meteo-cliaatic  parameters  at  tae  presence  of  icing.  If  it  is 
necessary  to  indicate  the  prooaoility  of  the  rendezvous  of  these 
parameters  generally  tc  one  flight,  that  for  this  it  is  necessary  tc 
still  consider  the  probability  of  rendezvous  in  flight  of  clcuds  and 
the  probability  of  icing  in  tnem.  The  probability  of  the  rendezvous 
of  clouds  is  determined  in  essence  by  raeteo-climatic  characteristics 
of  the  geographical  area,  anove  wnich  is  fulfilled  flight  [48].  For 
the  territory  of  the  Soviet  Union  the  recurrence  of  clouds  at  minus 
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temperatures  is  examined,  tor  example,  in  work  [16]. 

As  far  as  computed  value  is  concerned  of  probability  p0,  ther.  it 
can  be  selected  by  designer  according  to  agreement  with  client  or  bo 
standardized  in  state  order.  Tfie  calculated  values  of  water  content 
(unbroken  curve  in  Fig-  1.6)  accepted  in  the  Soviet  Union  in  the 
range  of  temperatures  tc  -2b°C  correspond  tc  probability  Po»0.5o/o. 
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Fig.  1.6.  Dependence  of  tae  value  of  water  content  on  aabient 
tenperature  at  different  values  ot  probability  P0. 

Ke  y :  ( 1 ) .  g/n  3 . 
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In  the  range  of  temperatures  of  -25-30°C  data  in  the  value-s  of 
water  content  are  statistically  confirmed  insufficiently;  therefore 
for  increasing  the  flight  safety  toe  values  of  the  probability  of  *h~ 
rendezvous  of  the  off-design  couaitions  of  icing  P0  are  accepted 
somewhat  smaller  (consequently*  the  calculated  values  of  water 
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content  -  largo)  . 

The  calculated  diameters  or  acops  can  be  accepted:  20  p  -  for 
prolonged  icing  and  30  p  -  tor  snort- tern. 

Tables  4  and  5  and  in  tig.  fa-9  applications/appendices  give  the 
English  and  Aaerican  design  conditions  of  icing  (74],  [86],  [120]. 

1. 4.  Air  humidity,  condition  roc  condensation  and  sublimating  the 
moisture. 


In  atmospheric  air  always  is  contained  certain  quantity  cf  water 
vapor.  As  is  known,  a  quantity  of  vapor  in  air  is  characterized  by 
its  absolute  and  relative  nuaxdity.  Absolute  humidity  -  quantity 
(mass)  of  vapor  per  1  a3  or  humid  air  (.If,. „  in  kg/ro3).  Calculations 
the  absolute  huaidity  ot  air  to  usually  more  conveniently  express  as 
partial  pressure  />».„  (elasticity)  of  vapor; 


M 


b.  n 


R  P%.  n 
f>U 


-  0,622  = 


2,l710-»p.,n 

T 


0.8) 


Key:  (1).  kg/a3. 


Here  R  and/?fcn-  gas  constants  or  air  and  water  vapor;  p  and  AV im¬ 
partial  vapor  pressures  respectively  of  air  and  water  T  -  absolute 
temperature  of  air-steam  mixture. 
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At  this  temperature  an.  can  contain  the  completely  specific 
maximum  (saturated)  quantity  of  vapor  A/,,  having  completely  specific 
elasticity  e.  Re lation  „ to  oc  with  respect  to  elasticity  of 

vapor  pt. n  to  elasticity  e  of  the  saturated  steam  is  relative  humidity 
<Pi 


_  -Wn,  n 

M, 


100%, 


(1.9, 


or 

f  =  (I.  io) 


During  cooling  of  air  d y  saturated  steaa  occurs  the 
isolation/liberation  of  moisture  either  in  liquid  form  - 
or  settling  to  any  surface  witn  tn«  minus  temperature  in 
ice  (passing  liquid  phase)  -  suciimation.  These  critical 
temperature  are  called  the  point  or  dev  -  in  the  case  of 
and  hoar-frost  point  -  in  tne  case  of  sublimation. 


condensation 
the  form  cf 
values  of 
condensation 
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In  other  words,  the  point  or  dew  or  hoarfrost  -  this  of  the 
temperatures  to  which  it  is  necessary  to  cool  humid  air  so  that  it 
would  become  saturated  by  water  vapor.  Saturation  vapor  pressure 
relative  to  ice  somewhat  less  tnau  the  saturation  vapor  pressure 
relative  to  water  (see  laoie  1  or  application/appendix)  ;  therefore 
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saturation  must  by  ice  occurs  at  smaller  values  of  relative  humidity 
on  psychr ometer ,  than  for  mater  pbu].  Consequently,  the  cooling  air 
will  achieve  saturation  berore  oust  by  ice  and  it  is  later  with  a 
larger  decrease  in  the  temperature  -  above  supercooled  water.  At 
temperature  of  0°C  points  corncrue,  in  proportion  to  a  temperature 
decrease  the  difference  between  tnem  grows/rises  (see  Table  1.6) . 

The  comparison  of  the  point  or  dew  or  of  hoar-frost  point  with 
the  temperature  of  air  mares  it  possible  to  judge  about  the  degree  of 
the  proximity  of  air  tc  saturation  by  vapor  and,  consequently,  also 
about  the  possibility  of  icing  as  a  result  of  condensation  or 
sublimating  the  moisture. 

Example  1.1.  To  determine  a  quantity  of  that  condensing  per  1  m 3 
of  water  with  a  decrease  in  tne  temperature  tc  0°c,  if  it  is  known 
that  at  ♦ 1 5°C  *=60o/o. 


In  'fable  1  of  application/appendix  through  temperature  of  +I5°c 
we  find  saturation  pressure  *<+«>'=  1720  I/s*,  and  then  according  to 
formula  (1.10)  we  deteraine  partial  vapor  pressure  (elasticity)  of 


Key:  (1).  ■/■* 
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The  dew  point  for  this  value  of  elasticity  on  ^.able  1  of 
application/appendix  composes  *7. 5°C. 


Consequently,  a  quantity  of  condensing  water  under  given 

conditions  will  be 

*  ..17,)-^,,  2'71«-’(w- w) 

Key:  (1).  g/a*. 


Table  1.6.  Temperatures  ot  points  increases  also  in  the  hoarfrost 


('^ToMKa  pocfci  ‘  — 5  |  — 10  — 15 

°C  ! 

H 

-25 

-30 

i 

i  -40 

! 

1  -50 

1 

(*Vo«ma  Kite*  — 1.4  1  8.9  1-15.4 

’C  1  1  j  i 

-18.0  | 

i  1 

—22,5 

—27,2 

t  -36.5 

-46.1 

Key:  (1).  The  dew  point.  (2).  Hoar-frost  point. 
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Chapter  II. 

Icing  of  the  parts  of  tee  aircrait1. 

FOOTNOTE  *•  Section  2.2  id  written  by  N.  G.  Shchitayev,  Section  2.3  - 
A.  I.  Teslenko,  others  -  oy  &.  A.  Stroganov  and  by  R.  Kh.  Renishev. 
ENDFOOTNOTE. 

2.  1.  Fores  and  forms  of  ices  formation. 

The  forms  of  ices  formation  are  very  different  and  depend  or,  the 
effect  of  many  random  factors  which  cannot  be  evaluated  with 
sufficient  certainty.  Strongest  street  on  the  form  of  ice  formation 
have  the  temperature  of  surrounding  air  and  flight  speed.  Authors' 
majorities  isolate  two  characteristic  forms  of  ice:  channel-like  (in 
cross  section  horn-shaped)  and  tapered  ice  (Fig.  2. 1) . 

Channel-like  ice  is  formeu  at  relatively  small  temperatures  of 
surrounding  air  (usually  d — 7°c)  and  its  forn  is  explained  ty  the 
fact  that  at  temperatures  or  surrace,  close  to  0°C,  the  drops  of 
water  freeze  not  immediately,  hut  somewhat  spread  over  surface.  As  a 
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result  on  surface  appear  VA  or  tne  ice  ones  of  barrier,  which 
gradually  for#  the  horn-saaped  nuiit-up  edges,  which  strongly  distort 
profile/airfoil. 

Tapered  ice  is  formed  at  acw  tea peratures  of  order  of  -10 — 1rj°C 
and  it  is  below.  This  fora  or  ice  is  explained  by  the  fact  that  the 
temperature  of  surface  is  low  and  the  drops  of  water,  which  fall  to 
it,  freeze  instantly.  Between  tne  freezing  drcps  remain  air  cavities; 
therefore  such  an  ice  freguentiy  nas  dull  milk-white  color.  The 
sizes/dimensions  of  tapereu  ice  are  usually  limited  and  it  occupiss 
small,  surface  along  chord. 

In  the  range  of  the  temperatures  of  surrounding  air  of  -7 — 12°C 
is  possible  the  ice  formation  doth  of  that  and  ether  form.  In  this 
case  the  intensity  of  ice  formation  remains  sufficiently  high,  and 
the  sizes/dimensions  of  tne  generatrix  of  ice  are  considerable. 
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Pig.  2. 1.  Diagrammatic  representations  of  the  forms  of  ice  formation 

on  the  aircraft  prof iles/airf oils;  1  -  channel-like  (horn-shapei) ;  2 
-  tapered. 
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Ice  at  these  temperatures  is  former  solid  and  with  great  difficulty 
is  removed  from  surface,  out  in  tne  case  of  department/separ ation 
from  surface  it  can  apply  tne  essential  damages  to  elements/cells  of 
construction/design. 

Some  authors  isolate  into  tae  special  variety  of  icing  the 
formation/education  cf  hoarfrost  on  surface  with  a  sharp 
reduction/descent  in  the  aircraft  irom  high  altitudes.  Hoarfrost  is 
formed  as  a  result  of  sublimating  water  vapors  on  cold  surface. 
Usually  it  rapidly  disappears,  as  soon  as  the  temperature  of  surfac- 
it  will  be  equalized  with  ambient  temperature.  From  the  point  of  vi=v 
of  a  deterioration  in  aerodynamics  of  the  profile/airfoil  of 
construction/design  sucn  an  ice  or  high  value  does  not  have,  but, 
being  formed  on  sight  glass,  it  can  cause  the  short-term  loss  of 
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visibility  for  a  pilot  eitn  an  escape/ensuing  from  this 
consequences. 

The  effects  of  flight  speau  on  icing  it  is  developed  in  a 
two-fold  manner.  On  one  hand,  an  increase  in  the  speed  raises  the 
intensity  of  ice  formation  as  a  result  of  an  increase  in  the  quantity 
of  air,  which  encounters  to  surface  per  unit  time,  and  increase  in 
the  interception  coefficient  (see  chapter  IV).  on  the  other  hand,  an 
increase  in  the  speed  causes  tne  amplification  of  aerodynamic 
heating.  As  a  result  the  temperature  of  surface  grows  also  upon 
reaching  of  the  values,  wmcn  exceed  0°C,  icing  becomes  impossible, 
iith  this  phenomenon  is  connected  the  fact  that  frequently  at 
relatively  small  minus  temperatures  f-5°C  it  is  above)  occurs  ice 
formation  in  the  form  cf  protuoerances/prominences  or  barriers  on  the 
surface  of  prof ile/air f cil  after  tne  critical  point  (temperature  a4- 
the  critical  point  where  tne  oraxing  complete,  is  always  higher  than 
on  lateral  surface).  At  fiignt  speeds  is  above  7C0-750  km/h  the  icing 
possibly  in  very  rare  cases,  since  the  hit  probability  under  the 
conditions  of  icing  witn  extremely  low  temperatures,  as  follows  from 
the  preceding/previous  chapter,  is  low. 

2.2.  Effect  of  icing  on  tne  aerodynamic  characteristics  of  aircraft. 

Great  effect  on  flight  characteristics,  stability  and 
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controllability  exerts  the  icing  or  wing  and  tail  assembly  of 
aircraft,  with  icing  is  distorted  the  for*  and  appear  inequalities  it 
the  surface  of  the  nose  section  or  the  profile/airfoil  the  character 
of  the  flow  of  which  substantially  affects  the  lift  and  wing  drag.  Ir. 
pure/clean  (uniced)  wing  at  sunsonic  speeds  at  low  angles  of  attack 
in  the  nose  section  of  tne  proiixa/airf oil  is  retained  laminar  flow 
in  boundary  layer.  In  tnis  case  tae  position  on  the  profile/airfoil 
of  the  transition  point  of  this  rlow  intc  turbulent  depends  cn  the 
smoothness  of  surface  (by  evaluated  medium  altitude  of  the 
protuberances/prominences  or  rouganess) ,  Reynolds  number  and  special 
features/peculiarities  ct  tne  fcia  of  the  nose  section  of  the 
profile/airfoil. 

Page  25. 

/^t  medium  altitude  of  the  protuberances/prominences  of  roughness 
cn  the  order  of  5-10  p  in  tne  favorable  cases  the  flow  is  retained 
laminar  to  numbers  Re=  15* 10*-20* 10*,  whereas  roughness  in  20-30  p 
shifts  boundary  layer  into  turbulent  state  already  with  numbers 
Re* 1* 10*- 1. 5« 10*,  During  turbulent  flow  the  frictional  resistance 
grows/rises  5-10  times,  ihe  distortions  of  the  form  of 
profile/airfoil  and  the  roughness,  called  by  icing,  lead  to  the 
complete  distur bance/breakaown  of  laminar  flow  and  the  onset  of  thc 
local  separations  of  flow,  which  substantially  increase  boundary 
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layer  thickness.  As  a  result  considerably  grows/rises  resistance  and 
somewhat  is  decreased  lilt.  Most  considerably  grows/rises  resistance 
with  channel-like  icing. 

The  wing  profiles  or  supersonic  aircraft  have  smaller  thickness 
ratio  and  more  pointed  leading  edge,  than  the  wing  profiles  of 
subsonic  aircraft. 

The  climb  regimes  and  gilding/planning  of  such  aircraft  lie/rest 
at  velocity  band,  at  which  on  tne  surfaces  of  wing  and  tail  assembly 
appear  local  supersonic  the  zones  and  shock  waves  [40],  [45].  Th~se 
profiles/airfoils  are  especially  sensitive  to  the  icing  whose  effect 
is  developed  in  an  increase  in  tne  resistance,  the  lift  convergence 
and  angle  of  attack,  at  waich  begins  flow  separation. 

In  an  overall  drag  increment  of  aircraft  with  icing  the  portion 
of  wing  and  tail  assembly  comprises  to  70-80o/c.  In  the  case  cf  icing 
(Fig.  2.2)  not  only  grc«s/nses  tne  resistance  of  aircraft,  but  also 
substantially  is  dscreased  the  value  of  the  ccefficient  of  maximum 
lift  Tbs  latter  occurs  as  a  result  of  the  onset  of  flow 

separation  at  saaller  than  wrtheut  icing,  angles  of  attack.  The 
especially  considerable  decrease  of  critical  angle  of  attack  occurs 
during  the  deposits  of  channel- lime  ice.  It  is  logical  that  this 
decrease  is  determined  n y  rcing  intensity,  by  sensitivity  of 
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Fig,  2.2.  The  character  of  tne  effect  of  icing  on  c»  and  on  the  angle 
of  attack  of  the  beginning  of  xiow  separation:  1  -  there  is  nc  icing; 
2  -  tapered  ice;  3  -  channel-like  (horn-shaped  ice)^  Page  26. 

w 

It  is  essential  to  note  that  the  presence  of  icing  the  critical  angle 
of  attack  and  value  cyntllx  consiuerably  are  decreased,  but  the  linear 
character  of  curve  cy( a).  is  disrupted  long  before  achievement  cytmx , 

The  latter  is  explained  oy  tne  fact  that  local  flow  separations  on 
the  iced  over  wing  (tail  assembly)  appear  at  considerably  smaller 
angle  of  attack*  than  pure/clean  wing*  and  they  decrease  the 
angla  of  the  slope  of  curve  ct (a).  me  onset  of  local  flow  separations 
is  usually  accompanied  by  the  buffeting  of  aircraft  and  entails  a 
change  in  the  curve  of  the  dependence  of  hinge  moments  on  the 
elevator  angle. 
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profile/airfoil  to  the  aistorticns  of  the  for®  of  its  nose  section, 
by  form  of  wing  (tail  assembly)  j.a  plan/layout,  by  its  effective 
aspect  ratio.  The  dependence  or  value  given  in  Fig.  2.2  from  angle 
of  attack  makes  it  possible  to  rate/estinate  a  change  in  the  lift  cf 
the  iced  over  wing  (tail  assembly)  in  comparison  with  pure/clean. 
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The  decrease  of  thickness  and  radius  of  curvature  of 
nose/leading  edge  usually  increases  the  sensitivity  of 
profile/airfoil  to  icin*,  i.e.,  as  caused  flow  separation  at  smaller 
angle  of  attack. 

With  aircraft  icing  is  disrupted  the  evenness  of  the  flew  around 
its  parts,  on  which  was  ioraeu  ice,  descends  the  thrust  of  power 
plant,  substantially  deteriorate  ilight  characteristics  of  the 
aircraft:  is  decreased  the  vertical  rate  of  climb,  descend  ceilinq 
and  maximum  speed  of  fligat,  increase  the  fuel  consumption  and 
required  power  (thrust)  tor  rligot  at  given  speed. 
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Fig.  2.3.  The  character  or  change  in  flach  nueber  of  required  for 

level  flight  and  available  thrusts  of  uniced  and  iced  over  (dcttel 
line)  aircraft  with  the  turooprop  engines  (TVD)  ,  turbojet  (TRD)  ,  an! 
TRD,  equipped  with  afterburner  (TaH-FK)  :  1  -  supersonic  aircraft;  2  - 
subsonic  aircraft  with  IKJ;  J  -  aircraft  with  TVD. 
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The  results  of  the  special  tests,  carried  out  on  contemporary 
passenger  aircraft,  shew  that  even  the  moderate  icing  (with  switched 
off  deicers)  with  the  tnicuness  of  channel-like  (horn-shaped)  icing 
on  wing  and  tail  assembly  on  the  order  of  10-12  mm  leads  to  a 
noticeable  reduction/descent  in  tne  instrument  flight  speed  during 
the  stable  operation  of  engine  i.5dl. 
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The  variety  of  the  rorms  or  icing  and  the  complexity  of 
obtaining  in  flight  of  the  necessary  information  about  cate  of  icing 
of  aircraft  on  make  it  pcssinle  to  sufficiently  reliably 
rate/estimate  its  effect  on  aircrart  performance  during  flight  tests 
This  effect  qualitatively  can  tie  r ated/estiaated  in  the  examination 
of  the  curves  of  the  dependence:  or  required  (P^)  for  level  flight  an 
arranged/located  of  thrusts  on  flight  speed  (Fig.  2.3).  Under 

conditions  of  icing  grows/nses  the  required  thrust  and  falls  the 
available  thrust  as  a  result  or  tae  icing  of  the  elements/cells  of 
inlet  duct  of  power  plant.  As  a  result  reserve  thrust 
significantly  is  decreased.  Comparing  /*noT p  and  ^piw  it  is  possible  to 
note,  in  particular  that  tae  supersonic  aircraft,  even  with  the 
moderate  icing,  must  very  considerably  lcwer  flight  speed.  During  tr. 
explanation  of  the  need  for  installation  on  the  supersonic  aircraft 
of  anti-icing  protection  snouiu  te  refined  the  probability  of  its 
icing,  on  the  basis  of  the  neiyuts/altitudes  adjustable  for  it  and 
flight  conditions,  and  considered  also  the  possibility  in  the  pilot 
cf  combating  icing  by  an  increase  in  speed  or  change  in  the  fligh-*- 
trajectory. 

During  the  design  of  air-neat  POS  one  should  consider  that  they 
with  work  select/take  a  considerable  quantity  of  air  from  the 
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compressors  of  engines,  waich  leads  to  certain  red uction/descent  in 
the  engine  thrust,  and  consequently,  to  a  deterioration  in  the 
aircraft  performance,  lois  deterioration  must  be  evaluated  by 
calculations  and  it  is  refined  cy  flight  tests. 

The  decrease  of  the  critical  angles  of  attack  of  wing  and  tail 
assembly  with  icing  can  represent  extreme  danger  at  the  low  steeds  of 
flight,  especially  during  landing.  Here  one  should  recall  that  a 
decrease  in  the  velocity  of  the  gam  of  altitude,  level  flight  and 
gliding/planning  is  connected  with  the  considerable  increase  of  the 
angle  of  attack  of  wing.  As  a  result,  on  the  iced  over  aircraft  flew 
separation  on  wing  can  arise  unexpectedly  fer  a  pilot,  namely  on  such 
speeds  and  g-forces  vhicn  witnout  icing  are  considered  safe  (Fig. 
2.4).  For  providing  of  safety  in  tnis  case  it  is  necessary  that  the 
minimum  allowable  speed  would  be  not  less  than  1.3  times  more  than 
the  speed  of  disrupt ion/separat ion  in  the  absence  of  icing.  However, 
in  this  case  should  be  considered  the  limitation  of  flight  speed  with 
the  let-down  flaps  from  tne  condition  of  warning/pre ventinq  flow 
separation  on  iced  over  stabilizer  [28]. 

Page  28. 

The  angle  of  deflection  (setting)  of  stabilizer  is  determined  by 


the  aoment/torque  of  horizontal  tail  assembly  necessary  for 
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longitudinal  balance,  by  the  downwash  angle,  by  the  position  cf 
stabilizer  by  height/a ltituae  relative  to  wing,  also,  to  a 
considerable  degree  by  the  flap  angle  of  wing.  On  contemporary 
aircraft  with  the  high  uegree  or  tae  high-lift  device  of  wing 
horizontal  tail  assembly  at  taxeorr  and  landing  speeds  usually  flows 
itself  at  negative  angles  of  attacx. 

The  icing  of  stabilizer,  decreasing  the  critical  angle  of  attack 
with  relatively  greater  flignt  speed  and  low  g-force,  can  lead  to 
flow  separation  at  sufficiently  small  negative  angles  of  attack  (Fig. 
2.5,  I).  Further  decrease  of  the  angle  of  attack  of  stabilizer  with 
an  increase  in  the  speed  or  a  decrease  of  g-fcrce  conducts  tc 
complete  flow  separation  on  its  lower  surface,  what  causes  "peck"  - 
the  sharp  uncontrolled  lowering  of  the  nose  of  aircraft,  which  pilot 
not  in  state  to  parry  vitnout  retraction  of  flaps,  in  connection  with 
which  occurs  the  considerable  icss  of  height/altitude. 

Thus,  flight  with  the  xet-down  flaps  under  conditions  of  icing 
both  on  excessively  low  ana  at  excessively  large  speed  can  lead  to 
flow  separation  in  the  nrst  case  on  wing,  the  secondly  -  on  the 
lower  surface  of  stabilizer. 
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Fig.  2.4.  the  boundary  or  me  ueginning  of  separation  of  flow  and 
region  of  the  most  safe  iiigat  conditions  on  angle  of  attack  during 
icing  at  different  angles  63  or  tae  flan  deflection:  a)  dependence 
c»  on  ■  ;  b)  the  dependence  of  Daiancing  efforts  p.  on  a:  1  -  possible 
boundary  of  the  beginning  or  flow  separation  for  the  lower  surface  cf 
the  stabilizer;  2  -  possioit  oounaary  of  tha  taginning  of  flew 
separation  on  the  wing;  j  -  region  of  aost  safe  ones'*  and  the 
angles  of  attack  of  the  level  xiignt;  4  -  value  V  corresponding  tc 
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the  spead  of  limitation  in  flrgat  with  the  released  high-lift  devic' 
of  the  wing;  5  -  with  the  icing  (position  of  boundaries  of  1  and  2 
depends  on  rate  of  icing). 

Page  29. 


The  boundaries  of  the  dangerous  zones  of  output  to  the 
inadmissible  angles  of  attach  under  conditions  of  icing  are  given  cn 
the  curves  of  dependence  and  efrort/force  on  elevator  cn  angle 
of  attack  a  (see  Fig.  2.4).  Usually  in  the  absence  of  icing  these 
dependences  are  close  tc  linear  ones  [45],  Icing  causes  a 
considerable  incidence/drop  in  toe  efforts/forces  from  elevator  with 
the  decrease  of  g-force  (angle  of  attack)  after  the  onset  of  local 
flow  separation  on  the  lower  surface  of  stabilizer  (in  the  zcne  cf 
elevator) .  An  incidence/drop  in  tne  efforts/forces  with  sharp 
evolutions  of  aircraft  can  lead  to  the  creation  of  low  g-force  or 
even  cause  the  throw/excess/overshoot  of  control  to  end  lower 
position  -  with  the  subseguent  sharp  "peck"  of  aircraft.  The  decrease 
of  the  angle  of  extension  of  rlaps  significant  improves  the  character 
of  balancing  curves  which  is  explained  by  decrease  in  this  case  of 
the  downwash  and  angle  of  flow  separation  in  the  zone  of  axial 
balancing  of  control  surfaces  or  height/altitude.  Analogous  effect 
exerts  the  decrease  of  tha  power  of  the  turboprop  anginas,  which  blow 


out/blow  off  wing  by  the  air,  rejected  by  screws/propellecs.  The 
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analysis  of  the  effect  oi  me  fora  of  the  icing  of  stabilizer  on 
longitudinal  stability  is  shown  (see  Fig.  2.6) that  here  also  are 
confirmed  the  general/ccaaon/totai  tendencies  -  great  destabilizat 
is  developed  with  chan rel-iine  icing,  soaewhat  snaller  -  with  the 
tapered  (still  saaller  -  witn  tn«  formation  of  tarrier  ice  on  the 
boundary  of  the  warmed  zcne  or  rue  nose/leading  edge  of  stabilizer 
with  the  working  deicer). 


m 
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Pig.  2.5,  The  diagram  ox  the  onset  of  flow  separation  on  stabilize-!' 
at  the  snail  (negative)  angles  ox  attack  of  the  wing:  I  -  stabilizer 
in  the  zone  of  large  dcwnwa snes  with  the  deflected  high-lift  device 
of  the  wing;  II  -  stabilizer  is  carried  out  of  the  zone  of  large 
downwashes. 
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After  the  onset  of  local  flow  separation  cn  the  lower  surface  of 
the  stabilizer,  which  calls  an  incidence/drcp  in  efforts/forces 
the  elevator-effectiveness  derivative  usually  is  retained  in  the 
sufficiently  broad  band  ct  low  g-torces,  which  allows  with  the  aid  cf 
springs  in  the  control  systea  to  improve  balancing  curves  **•  =*  f  (nj 
and  to  raise  flight  safety.  However,  sore  rational  are  the  measures, 
directed  toward  an  increase  in  tne  negative  critical  (on 
disruption/separation)  angle  of  attack  of  stabilizer,  an  improvement 
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in  the  effectiveness  of  anti-xciug  means  and  an  increase  in  the 
reserve  of  the  angle  of  attac*  cf  stabilizer  from 
disruption/separation.  Ihe  latter,  in  particular,  can  be 
achieved/reached  by  a  decrease  xu  the  velocity  of  flight  under 
conditions  of  icing  with  the  iet-aown  flaps  under  the  condition  of 
guaranteeing  a  sufficient  reserve  of  angle  of  attack  fron 
disruption/separation  on  wxng.  hnould  be  noted  the  utilized  sometimes 
structural/design  aeasures,  directed  toward  the  decrease  of  the 
danger  of  disruption/se paratxoa  at  the  low  angles  of  the  attack  of 
aircraft  with  the  icing  of  the  sterilizer:  an  increase  in  its  area 
and  aci  of  lift,  the  use/applxcatxon  of  the  more  carrying 
(unsy mnetric)  prof iles/airf oils,  the  shaping  of  slots  on  the 
stabilizer  before  the  control,  the  carrying  out  of  stabilizer  from 
the  zone  of  intense  wing  downwasa  (see  Fig.  2,  5,  II)  and  the 
decrease  of  effective  aspect  ratio  of  stabilizer. 


TST'ESHfr-er— 
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Fig.  2.6.  Balancing  carves  of  aircraft  with  flaps  lowared  to  landi 
position:  1  -  uniced  aircratt;  2  -  tapered  icing;  3  -  channel-like 
(horn-shaped)  icing. 
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However,  all  these  neasures  with  argh  rate  of  icing  can  prove  to  b 
insufficient  and  decisive  raportance  in  providing  of  safety  acguir 
effective  de-icing  systen. 

The  iaportant  value  in  providing  of  safety  with  icing  has  th<= 
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correct  selection  of  gliding  speeds,  duration  of  extension  of  flaps 
and  angles  of  their  deviation. 

Selective  gliding  speeds  must  provide  the 
approximately/exemplar ily  identical  reserve  of  angle  of  attach  (see 
Pig.  2.4)  from  disrupticn/separation  both  on  the  wing  and  on 
horizontal  tail  assembly  witn  the  retention/preservation/maintaining 
of  acceptable  controllability  both  before  beginning  issue  and  with 
the  let-down  flaps.  The  duration  of  the  issue  of  highly  efficient 
mechanization/lift-off  device  must  be  such  that  would  not  arise  tnr- 
need  for  sharp  action  cf  control  surface  for  the  retention  of 
aircraft  on  the  prescriued/assigned  glide  path,  since  a  change  in  the 
g-force  (decrease  or  increase)  significantly  decreases  the  reserve  of 
angle  of  attack  from  disruption/ssparation  either  on  wing  or  by  the 
lower  surface  of  stabilizer.  Under  conditions  of  icing  the  extension 
of  flaps  is  fulfilled  gradually,  which  facilitates  pilot 
retention/preservation/iaintainiog  during  gliding/planning  ccnstar.t 
g-forces  and  flight  path  angle  with  consecutive  deceleration  in  such 
a  way  that  the  flight  would  be  completed  in  the  region  of  safe  anql^s 
of  attack  (see  Fig.  2.4,  zone  3).  with  the  presence  of  ice  on  tail 
assembly  and  the  wing,  if  are  allowed  the  sizes/dimensions  of  takeoff 
and  landing  strip,  is  expedient  accomplishing  landing  at  the  reduced 
flap  angles  of  wing. 
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The  provision  of  a  sufncient  speed  range  of  flight  and  safety 
of  the  latter  under  conditions  cf  icing  is  by  and  blown  out/blcwn  off 
by  screws/propellers  straight  wing  especially  necessary  for  aircraft 
with  the  highly  efficient  mga-liri  device  of  wing.  The  introduction 
of  boundary  layer  contrci  systems  and  the  increase  connected  with 
them  of  the  downwash  angles  in  t ae  region  of  stabilizer  will  cause 
supplementary  difficulties  in  providing  of  flight  safety  with  icing 
on  aircraft  both  with  tne  straiynt  line  and  by  sweptback  wings.  Ir. 
this  case  also  can  be  applied  tne  named  above  str uctural/design 
measures. 

The  icing  of  the  leading  edges  of  tail  assembly  and  wing, 
causing  decrease  of  critical  angles  of  attack  and  local  flow 
separations,  deranges  rudders  anu  ailerons.  Disturbances/breakdowns 
are  developed,  in  the  first  place,  in  decrease  sometimes  to  zero 
hinge  aoments/torques  wita  the  low  deflections  cf  controls  as  a 
result  of  the  onset  under  the  eirect  of  the  icing  of  the  turbulent 
boundary  layer  of  considerable  thickness. 

Page  32. 


Plow  separation  on  cne  of  the  surfaces  of  tail  assembly,  in  the 
region  of  aerodynamic  balancing  of  control  sucfaces,  causes  the 
decrease  of  hinge  moment  with  tae  deflection  of  control  and  it  can 
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lead  to  the  throw/excess/o vershoot  of  control  to  end  position. 

Aerodynamic  forces  ana  moments/torques  of  them  relative  to  the 
center  of  gravity,  called  by  me  deflection  cf  control  (ailercn)  ,  to 
a  considerable  degree  are  determined  by  the  redistribution  of 
pressure  on  the  surfaces  or  tan  assembly  or  wing.  The  insignificant 
icing  of  the  latter  virtually  does  not  cause  the  redistribution  of 
pressure  with  the  deflection  ct  control  and,  consequently,  also  does 
not  affect  the  effectiveness  or  control,  evaluated  by  an  increment  in 
the  aerodynamic  moment  warn  tne  deflection  of  control  of  one  degree. 

With  considerable  icing  and  considerable  reduction/descent 
connected  with  it  in  the  critical  angle  of  attack  of  tail  assembly  or 
wing  the  deflection  of  control  increases  camber  and  it  leads  to  the 
onset  of  disruption/sepatation  ct  the  increase  of  its  intensity, 
which  decreases  the  effectiveness  of  control  and  can  cause  the  loss 
of  control  of  aircraft. 

The  icing  of  the  leading  edges  of  controls,  the  freezing  of 
moisture  in  the  joints  or  the  sections  of  slats,  the  slots  of  the 
joints  of  mobile  stabilizer,  flaps,  flaps,  mechanisms  of  locks  can 
lead  to  their  wedging  in  rlight  and  failure.  Here  it  should  be  note  1 
that  similar  type  failures  as  a  result  of  the  freezing  of  moisture 
can  lead  to  extremely  serious  consequences.  The  incidence/impingemc nt 
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of  aoisture  in  the  form  or  cam,  sprays,  wet  snow  to  the  named 
elements/cells  wit;  the  sanseguent  freezing  can  occur  at  rest, 
taxiing  of  aircraft  and  in  liignt. 

Therefore  the  guarantee  or  a  drainage  cf  ccnstruction/design, 
the  possibility  of  its  convenient  inspection  before  flight  and 
preservation  from  the  iuciueacfc/iapingement  of  moisture  during 
taxiing,  on  takeof f/run-up  and  landing  run  into  mechanisms  and 
systems  together  with  the  guarantee  of  anti-icing  means  is  the 
measure,  directed  toward  an  increase  in  the  flight  safety. 

High  value  has  protection  from  the  icing  of  the  receivers  of 
speed  indicators,  height/altituae  and  angle  of  attack,  since  their 
failure  or  malfunction  as  a  result  of  icing  can  lead  to  involuntary 
conclusion  by  the  pilot  cr  aircraft  to  dangerous  modes/conditions. 

2.3.  Icing  of  air  intakes  and  eagiues. 

Efficiency  of  power  plant  under  conditions  of  icing  is 
determined  by  layout,  effectiveness  of  de-icing  systems  and  by 
strictest  observance  of  tne  commands,  which  foresee  the  need  for  th 
start  of  deicers  in  advance,  witn  the  least  threat  of  icing. 


Icing  of  air  intakes 
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The  icing  of  air  intake,  as  it  was  already  said,  is  frauqht  with 
the  danger  of  the  damage  or  engine. 

Page  33. 

According  to  the  achievement  or  tne  specific  sizes/dimensions  ic3 
under  the  action  of  the  violations  of  construction/design  or 
fluctuations  of  air  flew  is  thrown  off  into  the  air  duct  of  engine, 
strikes  the  guiding  device,  tue  oxades  of  the  inlet  compressor  stag 
or  other  elements  of  the  construction/design  of  engine  it  leads  to 
the  damage  of  these  elements/ceiis  and,  consequently,  also  to  the 
early  replacement  of  engine. 

Ice  formation  on  air  intake  mstorts  air  flow  at  the  engine 
inlet.  The  distortion  ct  the  iora  of  entering  lip  and  other  inlet 
components  causes  disruptions/se^arations  and  turbulence  of  flow, 
which  can  lead  to  surge  or  even  to  shutdown  of  engines  [73]. 

Finally,  comparatively  it  is  recently  established/installed 
[58],  that  the  incidence/iwpingement  of  the  specific  quantity  of  jc1* 
into  the  compressor  of  seme  types  of  gas  turbine  engines  leads  to 
their  spontaneous  disconnection  as  a  result  of  flameout  in  combustion 
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chambers. 

Icing  of  input  devices  or  aircrart  engines. 

Ice  hazards  are  especially  subjected  gas  turbine  engines  with 
axial-flow  compressors. 

The  existing  aircraft  engines  with  axial-flcw  compressors  hav? 
several  versions  of  the  layout  of  the  input  devices,  bases  of  which 
are  shown  in  Fig.  2.7.  All  these  elements/cells  of  inlet  duct  of  the 
gas  turbine  engine:  fairing,  struts  of  housing  or  intake  adapter, 
blade  of  input  guide  ring,  rotor  olades  of  first  stage  (rotor), 
rectifying  blades  of  first  stags,  which  appear  into  the  flow  of 
surface,  and  other  inequalities  become  the  seats  of  deflection  of 
ice. 


Ice  accumulations  on 
on  wing  or  tail  assembly, 
(Fig.  2.8a). 


struts  are  analogous  to  ice  built-up  edges 
but  have  relatively  larger  sizes/di mansions 


It 


1  '  fails* ,  JfUhl,  \  fsJ 
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Pig.  2.7.  The  basic  versions  of  the  input  devices  of  the  axial-flow 
compressors  of  the  engines:  aj  VNA  is  absent,  fairing  and  struts  ar  - 
fixed;  b)  VNA,  fairing  and  struts  are  fixed;  c)  VNA  is  power  (it 
replaces  struts),  fairing  is  fixea;  d)  VNA  and  strut  are  absent, 
fairing  rotates. 

Key:  (1).  the  surfaces,  suojactea  to  icing. 

Page  34. 


Stator  blades  as  a  result  ot  relatively  low  sizes/dimensicns  icc 
i  up  more  intensely  than  strut,  moreover  in  certain  cases  ice  can  buill 

up  on  an  entire  concave  surface  of  the  blade  (see  Fig.  2.8b).  f 
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Pressure  ratio,  necessary  for  the  prevention  of  the  icing  of  the 
pre-rotation  blades  of  the  second  step/stage,  can  be  determined  from 
the  relation 


where  p,,  Tt,  p2,  T2  -  pressure  and  temperature  of  air  at  the  inlet 
into  first  and  second  stages; 

stage  efficiency  cf  tne  compressor: 

It  -  adiabatic  index. 

For  example  [56],  assuming  that  T2  must  be  order  of  ♦3°C,  tn®r. 
with  t0=- 30°C,  H=0. 6  and  t]  =  0,82  is  sufficient  to  have  pressure  u*io 
of  first  stage  a  total  cf  of  approximately  1.18. 

The  icing  of  the  blades  of  first  stage  of  compressor  rotor  car. 
be  sufficiently  intense,  especially  in  the  absence  of  guiding  device-. 
Although  the  rotating  blades  to  some  degree  have  a  self-defense  iron 
icing  as  a  result  of  large  centnrugal  force,  being  separated  before 
ice  can  reach  considerable  thicxness  (especially  with  the 
lowered/reduced  engine  revolutions) .  Furthermore,  the  spontaneous 
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disruption/separation  or  ice  iron  nlades  occurs  usually  unevenly  and 
this  asyaaetric  icing  of  rotor  liaaes  leads  tc  the  disbalance  of 
rotor  and  the  appearance  or  viorations. 

The  operation  of  engine  uuu  considerable  disbalance  on  rotor 
can  lead  to  service  failure  or  spin  bearings. 


DOC  =  79116302 


P  AliE 


Fig.  2.8.  Icing  of  the  input  devices  of  the  engine:  a)  the  strut;  L) 
blade  VNA. 


Page  35. 

The  asymmetric  icing  or  stator  blades  can  lead  to  the 
nonunifor mity  of  temperature  tield  at  the  entry  intc  turbine  and  in 
jet  nozzle. 
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On  some  aircraft  witn  tne  row  location  of  engines  under  wing, 
especially  when  air  intakes  are  located  behind  front/nose  wheel,  *or 
preventing  the  incidence/iupingeaent  into  the  engine  of  foreign 
objects  on  the  engine  inlet  are  established/installed  shielding 
grids/cascades.  But  in  ilignt  is  rones  favorable  for  icing  these 
grids/cascades  become  the  most  vulnerable  element/cell  of  inlet  duct 
in  the  relation  to  icing.  Grid/cascade  can  greatly  rapidly  be  covert! 
with  ice  and  close  the  significant  part  of  the  flow  area  of  inlet 
duct,  which  will  lead  tc  the  decrease  of  the  weight  flow  rate  of  the 
air  through  compresses.  If  grid/cascade  is  not  warmed,  then  retention 
time  in  the  zone  of  icing  for  aircraft  with  such  engines  must  be  will 
be  linitedly,  otherwise  raised  tne  temperature  cf  the  gases  before 
the  turbine,  which  in  turn,  can  create  the  danger  of  the  rapid 
superheating  of  the  blades  of  turorne  and  destruction,  virtually  this 
danger  can  be  eliminated  only  by  gear  down  of  engine,  but  this  will 
involve  the  decrease  of  tnrusr  witn  all  resultant  conseguences. 

It  is  possible  to  rate/esiiaate  the  value  cf  an  increase  in  ♦.  h ; 
turbine  inlet  gas  temperature,  assigned  by  the  decrease  of 
expenditure/consumption  of  G  of  taw  air  through  the  compressor.  Frco 
the  equation  of  heat  balance  {,  64  j  with  the  combustion  of 
fuel/propellaat  we  have 

Gc,{Tt  -  7V)+  <W„  '  (2-2) 
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where  GT  -  a  fuel  consumption  in  the  kg/s; 


J-t  -  fuel  heating  value  in  the  J/x.y; 


-  combustion  efficiency  (can  ue  accepted  %a*A99); 


Tg  -  inlet  temperature  into  combustion  chamber; 


Tj  -  inlet  temperature  into  tht  turbine; 


*'»  -  the  specific  enthalpy  of  tuel/pr opellant  in  the  liquid  state  a 

temperature  T*. 


Page  36. 


Disregarding  value  or  insignificant  in  comparison  with  other 

terms,  after  the  conversion  or  ror inula  we  obtain 


T  I  /  i  7;  \ 

1  \~i  1  /  ’ 

~  n  cp  1  ' 


•here  /  =  -  a  relative  fuel  consmmption. 
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If  we  use  formula  (2. 4),  taen  for  TRD  with  n=14000  r/nin,  at 
height/altitude  H=9000  a,  T0=x2a°K,  T2=400°K  and  by  the  initial 
T3=980°K  with  the  decrease  or  the  air  flow  rate  through  the 
compressor  by  lOo/o  temperatures  r3  are  raised 
approximately/exemplariiy  ny  60°c,  but  with  the  decrease  of 
expenditure/consumption  to  20o/o  -  increase  T3  is  about  140°C. 

It  is  necessary  to  focus  atteution  on  the  special 
feature/peculiarity  of  the  icing  or  the  input  devices  of  engine, 
which  is  connected  with  a  change  in  temperature  and  water  content,  of 
air  in  inlet  duct  as  a  result  or  a  change  in  it  of  the  temperature  of 
the  entering  airflow.  If  the  external  surfaces  of  aircraft  at 
temperatures  of  higher  than  0°C  do  not  ice  up,  then  the 
elements/cells  of  inlet  auct  cau  undergo  icing  at  temperatures  to 
♦5°C  and  even  somewhat  above.  This  phenomenon  can  be  observed  in  the 
case  of  expanding  (lowering  tne  pressure)  the  airflow  during  its 
motion  along  the  inlet  duct  of  engine,  since  in  this  case  occurs  the 
decrease  in  its  temperature,  whicn  depends  on  the  layout  of  channel 
and  on  air  speed  at  the  inlet  into  the  compressor  (the  higher  this 
speed,  the  more  consideraole  the  temperature  decrease).  Conditions 
favorable  for  this  phenomenon  usually  occur  with  the  operation  of 
engine  on  the  earth/grcund,  and  also  in  flight  of  aircraft  with  small 


1 
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speed,  but  with  high  engine  revolutions  (climb).  In  these 
modes/conditions  even  at  positive  temperatures  of  surrounding  air  the 
inlet  temperature  into  compressor  can  fall  to  negative  value  and  as  a 
result  of  the  condensation  of  moisture,  especially  with  the  increased 
air  humidity,  can  occur  the  icing  cf  the  intake  parts  of  the  engine 
(method  of  calculation  ci  the  temperature  of  humid  air  in  inlet  duct 
is  given  in  Section  5.7), 

Therefore  with  purpose  or  an  increase  in  the  flight  safety  in 
the  inlet  ducts  of  engines  snould  ce  had  the  individual  signaling  of 
icing  independent  of  the  presence  of  signal  indicator  on  board 
aircraft  and  effecting  it  is  separate  with  it. 

It  is  necessary  to  keep  in  mind  that  during  engine  starting 
under  conditions  favorable  for  icing  its  intake  elements/cells  in  the 
case  of  heating  with  their  air  can  begin  to  ice  up  before  their 
heating  surfaces  will  be  neated  to  the  necessary  temperature,  since- 
air  itself  from  compressor  is  at  first  still  insufficiently  heated, 
especially  under  conditions  of  luling.  Therefore  this  transfer 
mode/conditions  under  such  conditions  should  be  passed  into  tne 
shortest  possible  time  interval. 

Page  37. 
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2.4.  Icing  of  propellers. 

Icing  of  aircraft  screws/propexlers. 

The  small  sizes/d imensicns  of  propeller  Hades  along  chcrd  and 
high  peripheral  speed  lead  to  toe  fact  that  the  interception 
coefficient  of  water  drops  iu  screw/propeller  is  considerably  more 
than  in  wing,  tail  assembly  or  ctner  elements  of  the  construction  cf 
the  aircraft. 

On  the  other  hand,  large  centrifugal  forces  are  natural 
protection  from  ice  and  provide  its  periodically  spontaneous 
jettisoning.  However,  this  phenomenon  always  does  not  have  positive 
results.  Are  known  the  cases,  waen  the  pieces  of  ice,  flying  from 
blades/vanes,  broke  down  fuselage  covering  or  damaged  other  elements 
of  construction/design.  Furthermore,  icing,  as  a  rule,  leads  to  the 
unbalancing  of  screw/p ropeliec ,  tne  appearance  of  vibrations  and 
sometimes  even  to  the  destruction  of  the  radial  bearings  of  propeller 
shaft. 


Forms  and  forms  of  ices  formation  cn  propeller  blades  differ 
little  from  ices  formation  on  wing  and  tail  assembly,  with  exception 
of  the  fact  that  under  identical  conditions  the  region  of  the 
catching  of  water  drops  in  blades/vanes  usually  is  more  and  can  reach 
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along  chord  to  25-27o/o, 


The  icing  of  blades/vanes  can  stretch  all  their  over  length,  hat 
on  tail  pieces  ice  usually  is  thrown  off  under  the  action  of 
centrifugal  forces  and  viorations,  which  leads  to  the  appearance  of  a 
disbalance  and  the  buffeting  or  sccew/propeller . 


« t+CPtf* 
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Fig.  2.9.  Effect  of  icing  on  propeller  efficiency  (testing  with  tii-i 
imitators  of  ice) . 

Key:  (1).  Pure/clean  screw/propeiier.  (2).  Iced  over  screw/prop<-lle  r 
Page  38. 

Fig.  2.9  shows  a  cnange  efficiency  in  the  iced  over 
screw/propeller  in  comparison  witn  uniced,  obtained  during  tests  wit: 
the  imitators  of  ice  -  the  norn—suaped  form,  which  reached  alcng 
chord  27o/o«  The  decrease  or  efficiency  to  12-16o/o  corresponds  to  a 
decrease  in  the  velocity  or  flignt  (only  due  to  the  icing  of 
screw/propeller)  to  20-30  Jun/n  [110], 

The  powerful/thick  "accumurator/storage"  of  ice  is  also 
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propeller  spinner.  If  he  is  not  suielded  or  shielded  insufficiently, 
on  it  are  formed  the  large  masses  of  ice,  which,  blowing  away,  can 
deposit  the  essential  damages  to  engine  or  elements  of  the 
construction  of  the  aircraft. 

Fig.  2.10  shows  the  damage  to  propeller  blade,  obtained  as  a 
result  of  jettisoning  ice  rrcm  cook.  After  being  hammered  against 
blade/vane  and  after  allying  to  it  such  imposing  damages,  ice  it  was 
rejected/thrown  by  blade/vane  to  tne  side  of  fuselage  and  fcrcke  *r  1  : 
illuminator,  which  was  iccatea  at  a  distance  more  than  one  meter  from 
screw/propeller  [80]. 

Tcing  of  helicopter  screws/propeixers. 

Special  peculiarity  is  cnaracterized  by  the  icing  of  the 
blades/vanes  of  the  helicopter  screws/propellers  the  speed  of  flow 
around  which  they  change  between  very  wide  limits,  up  tc  negative 
values  in  the  zone  of  reverse/inverse  flow*. 

FOOTNOTE  *.  Zone  in  the  root  part  of  the  blade/vane  in  limits  of 
which  it  moves  with  trailing  eaga  forward.  E NDFCOTNOTE. 


The  picture  of  icing  along  the  length  of  blades/vanes  to  a 
considerable  extent  depends  also  on  ambient  temperature.  At  lew 
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temperatures  (usually  craer  or  -10°C  it  is  below)  of  the  blade/vanc 
of  rotor  the  majorities  cf  helicopters  ice  up  all  over  length.  If 
helicopter  in  this  case  has  rorwaru  velocity,  then  along  the  length 
of  blade/vane  it  is  possible  to  ooserve  three  zones  of  icing.  In 
zone  of  reverse/inverse  flow  is  a  result  of  the  fact  that  the  icir.g 
occurs  only  during  of  tne  part  or  the  revolution,  and  the  speed  of 
flow  is  low,  the  intensity  or  ice  rormation  very  small  and  only 
slightly  it  grows/rises  along  blade/vane  (dotted  line  in  Fig.  2.11). 
Further  it  begins  sufficiently  rapidly  to  build  up  and  even  when  with 
certain  radius  and  to  blade  tip  it  grows/rises 

approximately/exemplarily  proportional  to  distance  from  screw  axis. 
With  respect  to  the  speed  or  now  changes  the  region  of  the  catching: 
in  the  first  zone  it  is  surnciantly  low,  then  toward  the  end  cf  the 
blade/vane  it  grows/rises. 
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Fig.  2.10,  Damage  to  propeller  blade  by  ice,  discarded  frcm  prop?.].  1 
spinner. 

Page  39. 

With  large  water  content  ana,  especially,  major  drops  in  root  of  t  ii 
blade/vane  ices  up  trailing  edge  and  certain  part  of  the  upper 
surface  (Fig.  2.12).  Furthermore,  icing  undergo  the  sleeve  and  all 
parts  of  control  of  screw/prope Her ,  which  are  located  in  flew. 

under  conditions  of  tne  uovecing  of  the  described  picture, 
naturally,  it  is  not  observed;  tne  intensity  cf  ice  formation  in  t  ii 
case  all  over  length  of  ciaue/vane  grows/rises 

approxiaately/exeaplarily  proportional  to  distance  from  screw  axis 


MICROCOPY  RESOLUTION  TEST  CHART 
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(see  Fig.  2.11). 

Higher  than  certain  maximum  temperature  of  air  tail  pieces  of 
the  blades/vanes  as  a  result  or  tne  high-speed/velocity  heating  (for 
greater  detail,  see  Section  5.4)  cease  to  ice  up  first  on  leading 
edge,  and  thereupon  on  entire  enclosure  of  nose/leading  edge,  the 
value  of  this  maximum  radius  or  tne  icing  of  tlades/vanes 
sufficiently  strictly  following  tne  ambient  temperature. 

As  a  result  of  the  joint  errect  of  the  temperature  of  air  and 
speed  of  flow  ice  built-up  edges  along  the  length  of  blade/vane  can 
take  the  most  diverse  forms. 

To  the  form  of  ice  built-up  edge  have  also  effect  different 
inequalities,  available  on  surrace,  since  they  serve  as  the  centers 
of  the  ices  formation,  during  union  the  increase  of  ice  occurs  mor= 
intensely  than  on  remaining  surface  (besides  leading  edge) .  The 
degree  of  the  effect  of  laeguanties  on  the  form  of  ice  built-up  edge 
in  proportion  to  an  increase  in  tne  temperature  of  air  is  decreased. 

Helicopter  screws/propellers  are  considerably  more  sensitive  tc 
icing  than  aircraft, 

fhe  first  signs/criteria  or  the  icing  of  propeller  -  appearance 
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of  the  vibrations  which  appear  as  a  result  of  the  nonuniform 
splitting  of  ica  from  tlaaes/vanes,  and  in  helicopter  screw/propeil^r 


this  is  aggravated  even  ana  oy  an  increase  in  flow  separation  on  tha 
returning  blade/vane  during  progressive/forward  flight. 
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Pig.  2.11.  Speed  of  ice  formation  along  the  leading  blade  edge  of 
helicopter  rotor. 

Key:  (1).  mn/min.  (2).  j/u3.  (J).  *m/h. 

Page  40. 

After  the  appearance  of  vo.orati.cns  and  onset  cf  the  driving  of 
control  stick/knob/coluan  (vo.ru  oocsterless  control)  usually 
deteriorates  the  contr cllaoo.lo.ty  and  finally  can  begin  the  less  of 
stability  of  helicopter.  As  is  xoovn,  flow  separation  on  blades/van-^s 
in  large  neasure  depends  on  tne  degree  of  the  roughness  of  the 
surface  of  blades/vanes.  Tne  speed  of  helicopter  is  limited  to  the 
permissible  value  of  disruption/separation  on  the  returning 
blade/vane.  However,  with  icing  snarply  deteriorate  both  surface 
condition  and  the  form  ct  pror ile/airfoil  itself,  this  leads  to  the 
considerable  decrease  or  critical  angle  of  attack  and  flow  separation 
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can  exceed  the  permissinle  vdxu e  even  at  comparatively  low  flight 
velocities. 

Even  with  icing  on  stand  is  onserved  a  sufficiently  noticeable 
increase  in  the  buffeting  in  comparison  with  the  ganeral/comrncr./tct  a 
level  of  the  vibrations  cf  nencopter.  With  icing  on  the  stand  of  th 
helicopter  of  Hi-4  this  increase  m  the  buffeting  occurred  usually  i 
1-1.5  sin  after  the  beginning  ot  icing,  further  during  several 
■inutes  its  level  somewnat  increased  and  then  Bore  or  less  it  was 
stabilized. 

In  flights  with  natural  icing,  and  also  in  flights  with  the 
preliminary  artificial  icing  or  tne  screw/propeller  of  Hi-4  with  th; 
thicknesses  of  ice  on  tne  end  halves  blades/vanes  to  7  mm  were 
observed  the  vibrations  somewnat  smaller  intensity,  but  in  this  case- 
control  of  helicopter  became  siaci,  deteriorated  the  maneuverability 
of  apparatus  and  after  certain  time  after  the  beginning  ot  icing 
appeared  the  driving  and  jer ks/impulses*  on  control 
st ick/knob/column. 

FOOTNOTE  In  flight  witn  natural  icing  the  jerks/ispuises  were 
observed  predominantly  leagtnwise.  ENDFOCTNOTE. 


f 
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a) 


Fig.  2.12.  icing  of  helicopter  rotor  during  the  progressive/forward 

flight:  a)  the  schematic  figure  of  the  icing;  b)  the  icing  of 
trailing  edge  and  upper  surrace  of  the  blade/vane  of  the  model  of 
screw/propeller  under  artificial  conditions. 
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Especially  strongly  icing  affects  the  light  helicopters  with  the 
piston  engines  which  usually  nave  the  small  power  reserve.  For 
maintaining  the  revolutions  of  this  helicopter  while  hovering  with 
the  artificial  icing  (the  average  speed  cf  ice  formation  was  1.5-2 
nn/nin)  it  was  required  to  sufficiently  intensely  increase  the 
supercharging/pressurizatiou  of  engine.  In  spite  of  this, 
approxinately/exemplarily  througn  the  minute  helicopter  began  to  lcs<^ 
altitude  and  hovering  it  ceas«d  (.134],  [58]. 
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Icing  of  coaxial  propellers. 

The  interesting  phenomenon  is  observed  with  the  icing  of  the 
coaxial  propellers  of  aircraft,  water  content  in  the  jet,  rejected  by 
the  first  screw/propeller,  is  less  than  water  content  of  clouds 
before  it,  since  due  tc  an  increase  in  the  speed  of  the  rejected  air 
the  distance  between  drops  increases  and  clcud  in  the  direction  of 
the  notion  of  jet  becomes  seemingly  nore  rarefied  (Fig.  2.13). 
Tentatively  it  is  possicle  to  consider  that  the  water  content  in  jet 
varies  in  proportion  to  to  the  relation  to  air  speed  Vx  before  the 
plane  of  screw/propellec  1  to  speea  after  the  plane  of  the 
screw/propeller 


»•  =  •  (2.  5) 

FOOTNOTE  * .  It  is  logical  that  the  described  phenomenon  does  not 
affect  noticeably  the  icing  intensity  of  the  stationary  parts,  washed 
by  flow  from  screw/propeller,  since  the  total  quantity  of  drops  of 
water,  sucked  through  the  screw/propeller,  barely  changes,  but  only 
it  moves  with  larger  speed.  Tiue,  certain  quantity  of  water  recovers 
by  the  first  screw/propeller,  but  it  is  relatively  very  small. 


ENDFOOTNOTE 
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As  a  result  the  icing  intensity  or  front/leading  screw/propell^r 
proves  to  be  above. 

Sinilar  pattern  is  observed  also  for  the  coaxial  propellers  of 
helicopter.  So,  during  investigation  the  already  mentioned  above 
light  helicopter  under  conditions  of  artificial  icing  on  hovering  the 
icing  intensity  of  the  lower  screw/propeller  was  obtained  on  the 
average  along  the  length  of  oiaae/vane  1.3-1. 5  tines  lower  than  upper 
one. 
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Fig.  2.13.  Earefaction/evacuatioa  of  cloud  in  slipstream. 


Key:  (1).  Flow.  (2).  Plane  or  sere w/propeller . 
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2.5.  Icing  of  the  air-pressure  aeaas  and  nozzles  of  thermometers . 


Receivers  and  air  mtafces  or  air  flow  in  contrast  to  other 
exteriors  are  subjected  nor  only  usual  icing  in  supercooled  clouds, 
but  also  "forcing"  by  ice  in  ice  crouds. 

This  "forcing"  occurs  up  to  the  temperatures  of  air, 
considerably  lower  (to  -40  -  -50°C  and  lower),  than  with  usual  icing, 
which  substantially  raises  tn«  specific  power  required  for  their 
heating,  in  comparison  with  other  heating  surfaces. 


The  usual  icing  of  pressure  units  also  has  its  of  the  special 

feature/peculiarity:  in  proportion  to  the  increase  of  ice  the  inlet 

of  receiver  is  decreased  ana,  when  it  stops  by  the  area  of  the  sam° 
thvhe  occurs  ft.  si wf  decrease  i/i  pitrsru/ze  cxiaa. 

order  as  drain  holes,  in  mtake  chamber  ^respectively  also  readings 
(Pig.  2.14).  But  if  this  is  to*  nozzle  of  the  thermometer  of  braking, 
then  changes  the  recovery  ractor  or  instrument.  Furthermore,  the 
temperature  of  nozzle  is  decreased  due  to  the  evaporation  of  ice.  As 
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a  result  an  error  in  the  thermometer  can  reach  tens  of  percent. 

Even  air  intakes  or  tne  engines,  in  which  the  flow  is  turned  t 
the  angle  of  more  than  90°,  witn  the  large  water  content  of  ice 
clouds  can  be  driven  in  completely  by  ice  or  snow,  as  this  occurred 
for  example,  on  aircraft  "Britain"  with  engines  "Proteus"  in  flight 
in  the  tropical  areas  of  Atlantic  Ocean  [76],  [129], 
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Fig.  2.14.  Change  in  the  readings  (speed  indicator)  in  relative  unity 
with  icing  PVD  (under  artiiiciai  conditions) .  Above  -  the  process  of 
backlash  by  ice  of  opening/aperture. 

Key:  (1)  ,  Bin. 
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chapter  HI. 

Methods  and  protective  systems  of  tlight  vehicles  from  icing1. 

i 

FOOTNOTEa'Sect ion  3.  1-3.4  ana  J.b  ate  written  fcy  R.  Kh.  Tenishev, 
Section  3.7  -  by  V.  S.  Section  3.5  is  written  by  V.  s.  Savin 

V.  N.  Lecnt*yev  and  A.  I.  TesieuKO.  ENDFCOTNOTE. 

Should  be  d isting uisaea  the  methods  of  deicing  and  the  deicers, 
based  on  these  methods. 

Are  at  present  kncwn  the  totiowing  methods  of  deicing: 

-  mechanical; 

-  physicochemical; 

-  thermal. 

Protection  can  be  accompiisnea/realized  either  by  the  prev~ntio 
of  the  icing  of  surface  cr  by  tte  periodic  removal/distance  ct  th*' 
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generatrix  of  ice. 


Mechanical  methods  are  flawed  only  on  the  removal/distance  of  ice 
with  the  aid  of  any  mechanical  erfect  (strain  or  vibrations  of 
surface,  aerodynamic,  ctntniuyal  or  other  external  forces). 

The  physicochemical  methcas  are  based  on  the  use  of  liquids  cr 
compositions,  which  dissolve  ice  and  depressing  the  freezing  point  of 
water,  i.e.,  they  in  principle  can  be  used  both  for  prevention  and 
for  the  removal  of  ice.  ine  removai/distance  of  ice  can  occur  either 
by  its  complete  dissolution,  or  dissolution  only  of  the  thin  layer, 
which  is  contacted  with  surrace,  alter  which  ice  build-up  it  is 
thrown  off  by  external  rorces. 

Thermal  methods  are  oased  eitoer  on  the  permanent  heating  of  thc 
shielded  surface  to  the  positive  temperature  with  which  ice  formation 
becomes  impossible  (prevention  of  icing),  or  on  the  periodic  melt  in j 
of  ice,  jettisoned  then  by  external  forces  (removal/distance  of  ice). 


i 


I 
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on  examined  safety  metnous  from  icing  are  based  aviation 
also 


Abroad  of  neans  of  defends,  pieventing  ice  formation  on  th~ 
shielded  surface,  are  known  o y  the  name  "deicers"  (anti-icing, 
antigivrage) ,  the  means  ct  tae  periodic  jettisoning  of  ice  from 
surface  -  by  the  name  "deicers"  (de-icing,  degivrage) .  In  this  book 
we  will  use  the  more  taxeu  term  "aeicers"  to  all  systems  and 
dev  ices/e  quip  me  nt,  used  tor  tu«  protection  of  flight  venicles  from 
icing,  isolating  the  deiceLs  or  permanent  action  (preventing  icing) 
and  the  deicers  of  cyclic  action  (removing  ice). 

In  the  space  of  this  cnaptat  it.  is  not  the  possible  in  any 
detail  to  stop  at  the  device/oquipment  of  deicers  Known  at  present, 
especially  because  description  it  is  possible  tc  find  them  in  the 
appropriate  literature  (in  particular,  sufficiently  detailed 
information  they  are  ccctainea  in  (5fl]). 

Therefore  we  will  te  restricted  to  the  short  examination  of  the 
fundamental  types  of  deicers,  after  paying  main  attention  to  thermal 
sy  stems. 


3.1.  Mechanical  deicers 
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The  operating  principle  ui  uis  deicer  consists  ot  the 
following.  To  the  shielded  surrace  is  fastened  the  thin  rubber 
protector,  made  in  the  term  or  tne  oblong  elastic  chanoers/camei as , 
closely  fitted  to  surface.  Upon  tne  start  of  deicer  the 
chambers/cameras  under  the  pressure  of  the  coxpressed  air 
periodically  are  inflated  and  is  uxoken  open  the  incrustation  of  ic  - 
forming  on  them.  Along  the  iengtu  (spread/scope)  of  the  shield*! 
surface  the  protectors  usually  consist  of  several  sections.  Such 
deicers  sufficiently  widely  were  applied  during  the  years  1930-1940 
for  the  protection  of  wing  and  tail  assembly.  With  the  advent  cf 
aircraft  with  gas  turbine  eugines  they  yielded  the  place  tor  thermal 
systems,  but  on  some  fereign  aircraft,  predominantly  with  pistol, 
engines,  they  are  applied  up  to  now.  floreover,  recently  appeared 
tendency  toward  the  expansion  ot  tae  range  of  their  use,  that  it  is 
possible  to  explain  by  the  improvement  of  ccnstruction/design  a r.  i  ty 
an  increase  in  the  reliability  or  protectors.  Fair  results  in  this-  it 
achieved,  for  example,  English  tics  "Palmer",  producing  several 
versions  of  pneumatic  deicers  (1X6J:  with  longitudinal  (on  the 
wingspan)  and  transverse  chaaoers/cameras,  with  successive  and  joint 
action  of  chambers /cameras  (Fig.  J. 1) . 
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According  to  the  data  or  tun  tue  total  specific  gravity/weight  of 
deicer  composes  3-3.5  kg/m-*,  expanaitures/consumptions  of  the 
compressed  air  -  about  0.4  kg/min. 

Pneumatic  deicers  can  ue  usea  also  for  the  protection  of  such 
parts  as  the  radio-t rana patent  fairings  about  the  radar  antennas 
(Fig.  3.2),  in  which  the  use/ap plication  of  thermal  methods  is 
impossible  or  is  very  hinder ed/ hampered ,  and  physicochemical  methois 
are  ineffective.  The  effect  or  sucn  deicers  on  aerodynamics  cf  the 
flight  vehicle  (which  lints  tae  possibility  cf  their  use/applicat  icr. 
on  the  lifting  surfaces  of  nign-speed/ve locity  of  aircraft)  will  he 
insignificant. 
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Fig.  3.1.  The  pneumatic  auti-i.Ci.ng  protectors:  a)  with  tne 
longitudinal  alternately  tilling  cham bers/cameras ;  fc)  with 
longitudinal  simultaneously  uy  la e  filling  chamters/cameras ;  c)  w 
the  transverse  chambers/caaaras ;  J  -  working  sections;  2  - 
inoperative  sections;  3  -  lilieu  cuamber/camera ;  4  -  unfilled 
chamber/camera. 


Fig.  3.2.  Ose  of  pneumatic  deicers  for  protection  of  radomes:  1  - 
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fairing;  2  -  protector;  J  -  cadvioer/camera  cf  protector. 
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Vibration  deicers. 

In  principle  are  possible  tvo  versions  of  such  deicers.  The 
first  is  based  on  the  fact  that  under  the  effect  of  the  ultrasonic 
oscillations/vibrations,  created  uy  special  siren  and  directed 
against  flow,  the  supercooled  drops  of  water  must  be  crystallized; 
but  crystals,  reaching  surface,  will  be  blown  away  by  flow.  However, 
this  method  requires  experimental  check.,  the  effectiveness  of  it'-thu 
far  is  doubtful  and  it,  apparently,  will  reguire  the  expenditure  of 
considerable  energy.  Therefore  its  to  use  most  likely  will  be  only 
for  the  protection  of  the  separate  small  parts  for  which  other 
methods  on  any  reasons  will  prove  to  be  unsuitable. 

The  second  version  is  based  on  the  use  of  the  special  vibrators 
which  periodically  shake  tne  sections  (sections)  of  the  protected 
surface  by  short  series  of  high-frequency  pulses  and  in  this  way 
break  up  ice  crust.  The  duration  or  series  can  be  very  short,  and 
periodicity  -  as  in  usual  cyclic  aeicers. 


However,  for  the  evaluation  of  the  possibility  of  the  practical 
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realization  of  method  will  oe  required  the  serious  studies  both  of 
the  point  of  view  of  the  effectiveness  of  the  reaoval/distance  of  ic< 
and  structural  strength  of  the  snielded  parts. 


Hydrophobic  coatings. 


The  idea  of  the  use  of  hyarophobic  (not  wet)  coatings  for 
protection  from  icing  ccnsists  in  obtaining  of  this  decrease  cf  thr 
cohesive  force  of  ice  with  the  shielded  surface,  so  that  it  would  M 
thrown  off  by  the  external  forces,  without  having  had  time  to  achiev*:.- 
undesirable  sizes/dimensions.  Tms  means  could  actually  serve  as  the 
deicer  of  mechanical  operating  principle  with  the  periodicity  of  the 
reaoval/distance  of  ice,  whicn  was  being  arbitrarily 
established/installed  in  dependence  on  the  conditions  of  icing,  the 
flight  conditions,  etc.  Unrortunately,  up  to  now  it  was  impossible  to 
find  this  substance  for  coating,  wnich  would  satisfy  the  necessary 
requirements.  Experiment  or  tne  numerous  investigations,  which  were 
being  carried  out  by  the  author  4,  with  teflon  coatings  on  the 
helicopter  of  Ni-1  [154]  and  witn  the  saries/row  of  other  coatings  or 
special  spiral  stand  shews  that  even  on  the  rotating  parts  the 
thickness  of  ice  before  jettisoning  reaches  the  significant 
magnitude. 


FOOTNOTE  *.  Investigations  were  conducted  together  with  L.  F. 


:  -  J 
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Vinogradovoy.  ENDFOOTNClfc. 
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Jettisoning  itself  occurring  unevenly  and  very  unsy mmetrical ly ,  which 
leads  to  the  sufficiently  strong  buffeting  of  screw/propeller. 

Only  on  the  f as t- turning  parts  (blade  of  compressor  rotor)  , 
equipped  with  such  coatings,  ice  is  thrown  off  with  considerably 
smaller  thickness;  however,  coatings  themselves  usually  rapidly  arc- 
worn  as  a  result  of  their  insurficient  mechanical  durability. 

From  the  aforesaid  it  roncws  that  the  coatings  known  at  present 
cannot  be  used  as  any  reliable  means  of  defense  from  the  icing  of  the 
parts  of  the  flight  vehicles  in  night  and  in  particular  -  not 
rotating  (it  is  possible,  sometimes  they  will  be  useful  as  bccscer 
agent  in  combination  with  mechanical  or  thermal  methods). 

Numerous  unsuccessful  "inventions"  and  fruitless  attempts  at  the 
use  of  different  coatings,  undertaken  in  the  hope  for  the  very 
tempting  resolution  of  the  problem  of  the  protection  of  flight 
vehicles  in  flight  witheut  expenditure  of  energy  or  without  the  flow 
rate  of  any  anti-icing  substance,  should  be  explained  that  fact  that 
the  mechanism  of  wetting  and  rreexing  of  the  small/fine  supercooled 
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cloud  drops,  brought  to  surrace  in  by  large  speed  in  terms  of 
airflow,  differs  significantly  from  the  phenomenon  of  the  wetting  cf 
the  cooled  hydrophobic  surface  in  ground-based  conditions  with  the 
more  major,  freely  draining  drops  of  water  (tc  say  nothing  of  the 
case  of  the  wetting  of  this  suiUct-  it  is  simple  with  water  jet)  . 

Furthermore,  investigations  snow  that  in  spite  of  the  excellent 
hydrophobic  properties  or  nard-surraced  pavements  the  cohesive  forc^ 
of  them  with  ice  in  the  atiaospnsre  proves  tc  be  sufficiently  large 
[142].  In  other  words,  rcr  decreasing  the  cchesive  force  of  ice  with 
the  shielded  surface  witn  u«  aid  of  the  undissolved  solid  coatings 
hydrophobicity  is,  apparently,  tae  necessary,  but  completely 
insufficient  property. 

Should  be  again  focuseu  attention  on  the  fact  that  in  many 
instances  the  erroneous  conclusions  about  the  applicability  of  the 
coatings  in  guestion  are  done  on  tae  basis  of  investigations  with  tr.e 
freezing  of  water  for  sucn  coatiugs  under  laboratory  conditions. 
During  such  experiments  actually/really  the  cohesive  force  of  frozen 
ice  frequently  is  obtained  oy  several  orders  lower  than  under  th? 
atmospheric  conditions  cf  icing. 
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3.2.  Deicers,  based  on  the  paysicochemical  methods 


For  surface  protection  tcui  icing  can  be  used  two 
physicochemical  methods:  one  is  oased  on  the  use  of  the  soluble 
anti-icing  coatings  (chloride  or  sodium  or  calcium,  nitric  acid 
sodium,  etc.)  -  by  the  second  -  on  the  wetting  of  surface  with 
anti-icing  liquid  (glycol  compositions,  ethyl  alcohol,  alcohcl 
glycerin  mixtures,  etc.). 

Soluble  anti-icing  coatings. 

In  contrast  to  hydtopnooic  (not  wet  and,  therefore,  not 
dissolved)  coatings  the  operating  principle  of  the  soluble 
physicochemical  active  coatings  consists  in  the  fact  that  the  drops 
of  water,  interacting  witn  the  suostance  of  ccating,  form  the 
solution/opening  which  nas  the  iowered/reduced  freezing  point  and  is 
capable  to  dissolve  ice.  Although,  as  shows  experiment,  forming  ice 
does  not  manage  to  be  dissolved  completely  (with  exception  of 
extremely  weak  icing),  it  loses  cohesive  force  with  surface  and  from 
time  to  time  is  thrown  elf  oy  external  forces. 

During  the  use  of  soiunle  (active)  cf  coatings  their  substance 
in  the  process  of  icing  sutticientiy  intensely  is  e xpended/ccnsume d , 
furthermore,  coatings  ace  destroyed  under  the  effect  of  atmospheric 
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conditions,  mainly  rain  and  nurnid  air.  As  a  result  of  the 
shortcomings  indicated  this  aetned  did  not  find  practical 
use/application,  althougn  sometimes  it  can  be  useful,  for  example  for 
the  flight  vehicles  of  the  very  snort-tern  or  single  action,  on  which 
the  use  of  other  methods  is  inexpedient. 

Liguid  deicers. 

Were  applied  several  varieties  of  the  liguid  deicers  which  are 
characterized  by  the  method  or  tne  supply  of  anti-icing  liguid  to  the 
shielded  surface. 

To  blade/vane  ot  aircraft  sctews/propellers  and  frontal  glass-:.' 
the  liguid  is  fed/conducteu  usually  with  the  aid  of  tube  f re®  face 
and  then  under  the  effect  or  centrifugal  forces  or  airflow  it  spreads 
over  surface.  This  methca  is  applicable  for  relatively  small 
surfaces,  so  in  this  case  is  not  provided  the  uniformity  of  the 
vetting  of  surface  and  the  siguineant  part  of  the  liguid  is  expended 
for  nothing. 

on  helicopter  roters  tne  liguid  is  supplied  usually  all  ever 
length  of  the  blade/vane  tnrougn  openings/apertures  or  slots  irj  /•/,  c 
f-c«e-  PA#T  of  the  tipping.  Taus  are  made,  for  example, 
anti-icers  of  the  helicopter  rotors  of  Hi-1  and  Hi-4,  experimental 
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anti-icer  of  the  English  aelicopter  "Vessex"  and  deicer  of  the  > 

I 

American  helicopter  YVH-lo.  Main  disadvantage  in  the  deicers  with  , 

openings/apertures  is  ncuunitotu  <*ud  is  insufficient  wetting  or 

surface. 

Page  49. 

As  a  result,  in  spite  cl  continuous  feed  to  liquid,  ice  between 
openings/apertures  nevertneless  nuilds  up,  after  which  liquid  begins 
leak  only  on  the  grooves,  termed  oy  it  in  ice,  and  at  enhanced 
intensity  ice  gradually  involves/tightens  the  large  part  of  the 
surface.  This  phenoaencn  especially  strongly  manifests  itself  upon, 
the  overdue  start  of  system. 

On  lifting  surfaces  tne  suppiy  of  liquid  is  sometimes 
accomplished/realized  from  witain  through  porous  diaphragm,  which 
must  ensure  the  uniform  wettability  of  an  entire  surface. 

From  such  deicers  is  or  interest  the  system  of  the  cyclic  a-ricr 
of  the  English  firm  TKS  [l4oj,  used  for  the  protection  of  the  lifting 
surfaces  of  the  series/row  ot  p  iST*r*- eoQin*  aircraft.  The  principl- 
of  device/equipment  then  toliowm*;  the  shielded  skin/sheathin  g  i* 
is  made  from  porous  metal,  at  certain  distance  from  it  is 
arranged/located  usual  lower  covering.  In  this  slot  cavity  is 
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supplied  periodically  tne  anti-a-cing  liquid  as  which  is  utilized 
usually  the  glycol  liquid  for  the  more  even  distribut  icr.  or 

liquid  according  to  surrace  unu  guarantees  of  necessary  in  this  case 
of  its  low  flow  rate  under  porous  skin/sheathing  is  a  layer  fror 
porous  elastic  material.  According  to  the  information  of  firm  TK s  th- 
system  provides  the  sufficiently  eifective  removal/distance  of  ice 
with  the  very  small  fluid  riow  rates  of  the  order  of  several  ten 
cubic  centimeters  per  ninute  to  tne  square  meter  of  the  shielded 
surface. 

This  system  has  even  soma  advantages  before  thermal  consisting 
in  the  fact  that  in  it  is  aosent  tue  spreading  of  water,  that  leads 
to  the  formation  of  barrier  ice,  and  the  zone  of  protection, 
therefore,  can  be  minimum  and,  rur therm ore,  in  contrast  to  the 
thermal  system,  for  whicn  is  required  considerable  time  to  the 
heating  to  surface,  the  action  ct  the  liquid  practically  begins 
immediately  after  its  supply  ana  continues  still  for  a  while  under  a 
layer  of  ice  after  the  cessation  or  supply,  i.e.,  ice  built-up  r da¬ 
does  not  freeze  again  to  tne  surtace  after  the  disconnection  cf  th-' 
section  (as  with  thermal  method  wnen  ice  does  not  manage  to  fly  off 
for  cycle  time). 

Deicers  with  porous  diapnragm  can  be  used,  also,  for  the 
blades/vanes  of  helicopter  screws/ propellers,  but  in  this  case,  as 
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showed  experiment  of  the  in vestxgations  of  fir®  IKS,  into  blades  it 
is  necessary  to  feed/conauct  not  liquid,  but  its  froth  (for 
decreasing  the  effect  of  tne  centrifugal  force,  displacing  liguil 
unevenly  along  the  length  of  nlaue/vane) ,  which  is  extruded  through 
porous  diaphragm  by  the  compressed  air. 

In  the  examination  ot  tne  possibility  of  using  the  deicers  with 
porous  diaphragm  the  most  important  factor  is  the  guarantee  cf  the 
retention/preser vation/maintainiag  the  filtering  properties  cf  porous 
skin/sheathing  in  operation,  since  otherwise,  naturally,  the 
effectiveness  of  this  deicer  turns  out  to  be  completely 
unsatisfactory. 

Page  50. 

3.  3.  Special  features/pecuiiarities  of  thermal  deicers. 

Por  the  protection  cr  contemporary  flight  vehicles  from  icing  ir. 
the  overwhelming  majority  of  the  cases  are  applied  the  thermal 
deicers,  which  are  subdivided  into  two  basic  groups:  electrical  mu 
air-heat.  Furthermore,  sometimes,  mainly  for  the  protection  cf  the 
parts  of  the  inlet  ducts  of  engines,  are  applied  the  deicers,  which 
use  hotter  oil  from  engine. 
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Electrical  POS  of  suco  lai ge/coarse  parts  as  wings  and  tail 
assembly  of  aircraft  ana  nelicopter  rotors,  are  applied  almost 
exclusively  cyclic  action,  since  the  power,  required  for  the 
permanent  heating  of  these  parts,  reaches  hundreds  of  Kilowatts.  The 
cyclic  protection  of  the  icing  up  surfaces  lies  in  the  fact  that  tuty 
are  divided/marked  off  into  several  sections  which  periodically  they 
are  heated  and  they  are  cooled,  aiiowing/assuming  in  this  case  de¬ 
formation  of  certain  sate  tmcnntss  which  is  thrown  off  during  th- 
next  heating  of  section. 

Air-heat  POS  until  recently,  as  a  rule,  were  permanent  action, 
however,  the  high  required  flow  rates  of  hot  air,  leading  to  th« 
noticeable  decrease  of  the  tnrust  of  some  types  of  engines,  fcrc?  to 
resort  to  air-heat  POS  ct  cyclic  action,  in  spite  of  of  certain 
complication  of  constr uction/aesign. 

When  selecting  of  the  diagram  of  cyclic  FOS  one  should  consider 
that  to  increase  a  quantity  ot  sections  is  expedient  only  to  a 
definite  limit  whereas  higher  than  which  the  general/common/tctal 
savings  of  power  becomes  very  small  (Fig.  3.3),  the  complexity  of 
system  and,  consequently,  also  its  weight  they  grow/rise  very 
considerably,  especially  m  tne  air-heat  system.  An  optimum  quantity 
of  sections  is  determined  for  each  concrete/specif ic/ actual 
construction/design  cf  deicer. 
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Fig.  3.3.  Decrease  of  tnfe  required  power  of  cyclic  POS  in  comparison 
with  POS  of  permanent  actj.cn  («c=l> 


Key:  (1).  the  permanent  heating  or  an  entire  surface.  (2).  cyclic  of 

Cf  d » o£ 

thermoelectric.  ( 3)  .  n  -jLr-mea  t.  {<*)  .  Quantity  cf  sections  on  half 
wing. 

Page  51. 

Permanent  heating  of  surface. 

With  permanent  heating  crops  of  water,  falling  to  the  surfac- 
heated  to  positive  temperature,  without  freezing,  spread  on  it, 
gradually  evaporating  and  partially  blowing  away  by  airflow,  if  the 
extent  of  the  warmed  zoue  proves  to  be  insufficient  for  complete 


DOC  =  79116303 


FA Jb 


drainage,  then  the  latter  rceeies  on  the  boundary  of  heating  in  th 
form  of  barrier  ice,  which  distorts  the  ducts/contours  of  the 
streamlined  body  (Fig.  j.4). 

It  is  logical  that  tue  intensity  of  the  formation  of  barrier 
on  one  and  the  same  of  heating  suriace  depends  on  its  temperature 
conditions  of  the  icing:  in  soma  conditions  the  water  will  be 
completely  removed,  in  ether  heavier  -  it  will  r.ot  be,  then  also  i 
formed  barrier  ice. 

Exists  two  varieties  or  tne  deicers  of  the  permanent  acticr.: 

-  so  called  "de-icer  or  complete  evaporation",  which  is 
previously  designed  in  such  a  way  that  in  entire  required  range  of 
the  conditions  of  icing  would  oe  provided  complete  drainage  from 
surface,  in  other  words,  tue  deicer,  not  allowing/assuming  the 
formation  of  barrier  ice  auuer  tue  prescribed/assigned  conditions 
the  icing; 

-  the  "deicer  of  incomplete  evaporation",  which  was  not  desi; 
for  complete  removal /distance  or  tue  water  (i.e.  the  deicer, 
allowing/assuraing  the  formation  or  barrier  ice)  spreading  over 


surface 
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Outside  boundary  tnese  varieties  are  known  by  the  name  "dry 
anti-icing  system"  -  system  witn  tne  dry  surface  (it  corresponds  tc 
coaplete  drainage  froa  suriace)  ana  "wet  anti-icing  system"  -  system 
with  the  moist  surface  (alious/assumes  the  f ormation/educaticn  of  th 
barrier  flows  of  ice). 

The  use/applicaticn  oi  deicers  of  ccmplete  evaporation  requires 
the  increased  heat  expenditure  and  is  connected  usually  with  th®  r.e-? 
for  the  protection  of  sufficiently  large  areas,  in  particular,  if 
heating  is  designed  for  tne  guarantee  only  of  a  minimum  (i.e.  equal 
to  0°C)  temperature  of  heating  surface,  as  shown  in  examples  5.4-5. 6 
Cl i.  V-  Therefore  them  are  applied  for  the  protection  only  of  those 

parts,  on  which  is  inadmissioie  tue  formation  of  barrier  ice.  In  the 
remaining  cases  they  are  limited  to  the  deicers  of  the  incomplete 
evaporation  (taking  into  account  tnat  the  real  probability  of  formir. 
the  large  barriers  of  ice  is  usually  small). 
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Fig.  3.4.  Barrier  ice,  whicn  appears  under  the  effect  of  the  syst** 
of  incomplete  evaporation. 


i 


\ 


Key:  (1).  Barrier  ice.  (2)  .  neatia*. 

Page  52. 

Cyclic  heating  of  surface. 

As  it  was  said,  witu  tais  metnod  on  the  protected  surface  in¬ 
formed  a  layer  of  ice  wuicn  during  the  next  heating  of  section  aius* 
be  thrown  off.  However,  if  periodically  is  heated  and  is  cooled 
entire/all  icing  up  forepar t/nose  surface,  then  ice  built-up  edge,  in 
spite  of  its  slight  melting  on  tue  boundary  of  contact  with  th-^ 
heated  surface,  it  is  pressed  against  it  by  flew  and  is  not  thrown 
off  (Pig.  3.5a).  During  tae  next  cooling  of  surface  it  again  fr*e7.«>s 
and,  thus,  it  gradually  reaches  the  undesirable  sizes/dime  nsicr.s 


i 
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(aforesaid  is  related  tc  tne  nonrotating  parts)  . 

It  is  possible  to  avoia  tne  similar  phenomenon  via  the  peimar. 
heating  of  narrow  band  in  tne  limits  of  leading  edge,  i.e.,  by  1 1. 
use/application  of  the  ac-callea  “thermal  lenives",  which  seemingly 
are  cut  the  ice  build-up  into  two  parts  (see  Fig.  3.5fc).  In  certai 
cases  "thermal  knives"  apply  also  at  the  joints  of  the  sections  of 
deicer,  if  the  width  of  taese  sections  is  sufficiently  great.  At 
first  of  the  use  of  cyclic  aeicers  there  was  an  opinion  that  for 
swept  carrying  surfaces  “taermal  Knives"  they  are  not  required. 
However,  experiment  of  the  Soviet  and  foreign  investigations  of 
latter/last  years  shows  that  up  to  the  sweep  angle  of  50-60° 
effective  removal/distance  of  ice  without  "thermal  knives"  is  not 
provided. 


* 

i 

f 
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Fig .  3.5. 

profile: 

knife". 

Key:  (1). 
("thermal 

Page  53. 


Ice  built-up  edge  on  tne  leading  edge  of  an  airfoil 
)  without  "thermal  Knii.e";  b)  in  the  presence  of  "thermal 

Zone  of  cyclic  heating.  (2).  Zone  of  permanent  heating 
knife") . 


Another  special  f eature/pecunarity  of  cyclic  heating  is 
connected  with  the  following  contradictory  fact:  in  order  to  ensur- 
the  work  of  deicer  despite  air  prescribed/assigned  temperatures  of 
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icing,  its  specific  power  is  determined  on  the  basis  of  lowest 
calculated  temperature,  it  is  obvious  that  despite  all  higher 
temperatures  of  surrounding  air  nesting  surface  proves  to  be 
excessive,  i.e.,  the  surface  alreauy  after  jettisoning  of  ice 
continues  to  remain  heated  and  tne  longer,  the  higher  surrounding 
temperature  (Fig.  3.6).  On  it,  naturally,  it  occurs  the  spreading  of 
water,  and,  as  follows  irom  Fig.  1.6  chapter  I,  that  in  a  larger 
quantity,  the  higher  the  temperature  of  icing.  As  a  result  from  on- 
cycle  to  the  next  is  fcrmeu  oarner  ice,  which  with  prolonged  icing 
can  reach  significant  values.  For  eliminating  (or  decrease)  this 
phenomenon  it  is  necessary  to  considerably  increase  zone  heating  ar.  i 
thereby  it  is  inexpedient  to  expenu/consume  large  energy  content. 
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Fig.  3.6.  The  cyclic  heating  or  the  surface:  — - -  the  unregulabl  i 

(fixed/recorded)  cycle  (a  -  with  t0»  by  close  to  the  calculation;  L  - 
with  t0,  higher  than  cajLcui.ati.ou);  -  -  the  cycle,  adjusted  on  the 
time;  — *  -  cycle,  adjutteu  according  to  power. 

Key:  (1).  Heating  tiae. 

Page  54. 

To  decrease  the  possibility  or  tue  foraation  of  barrier  ice  of  -5ei c*: 


with  the  fixed/recorded  cycle  or  work  is  possible  also  by  shcrtpr.ii :g 
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the  heating  time,  thanks  to  amen  the  water  will  not  manage  to  spread 
in  large  ones  quantity,  However,  as  a  result  of  tha  fact  that  in  this 
case  is  required  the  corre-apoud xug  increase  in  the  specific  power 
(see  Chapter  VI),  to  apply  too  snort  a  heating  time  is  also 
inexpedient. 

Another,  less  essential  sncrtcoming  in  unregulable  POS  is 
connected  with  the  fact  tnat  the  duration  of  cycle  is  limited  to 
permissible  thickness  ***•«,  of  ice  which  manages  build  up  on  surface 
for  the  time  of  cooling1 

^  K i.  Aon  _  ti,  .\ 

<  “7 - 

1  A 

POOTNOTE  ».  It  is  more  precise,  ror  the  time  of  ice  formation 
which  can  be  both  lass  and  is  more  than  Tox/i  (see  Fig.  3.6). 
ENDFOOTNOTE. 

At  calculated  (most  low  in  calculated  range)  temperature  A>. 
water  content  and,  consequently,  also  are  small;  therefore  the 
condition  indicated  is  satisfied,  nowever,  at  more  high  temperatures 
it  ceases  to  be  satisfied,  x.e.,  the  thickness  of  ice  for  cycle  time 
begins  to  exceed  permissible  valueh,  ^  maud,  consequently,  fliji.t 
safety  cannot  be  quaranteed.  ,> 


lilT: 
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Fig.  3.7.  Expansion  of  the  range  or  the  effective  work  of  cyclic 
deicer  by  timing  of  heating. 

Key:  ( 1)  .  s. 

Page  55. 

From  the  aforesaid  follows  that  for  guaranteeing  the  prcteci 
necessary  for  effectiveness  from  icing,  and  also  increase  in  th- 
flight  safety  the  time  (cr  tne  specific  power)  of  heating  by  cycl 
POS  must  change  in  depenueuce  on  the  temperature  of  surrounding  ?. 
an’d  flight  conditions,  out  the  time  of  cooling  -  in  dependenc=  on 


icing  intensity,  in  other  woras,  necessary  system  with  the 
adjustable  cyclic  recurrence.  This  system  will  almost  completely 
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avoid  the  formation  of  barrier  ice,  without  considering  that  it  will 
have  optimum  efficiency  in  entire  range  of  ambient  conditions.  As  : 
result  the  power  necessary  tor  heating  can  be  substantially  reduce  i  - 
at  low  temperatures  the  required  temperature  drop  can  be 
achieved/reached  at  the  considerably  smaller  specific  power  due  to  an 
increase  in  the  time  of  heating  (Fig.  3.6  and  3.7),  which  during  th  :• 
fixed/recorded  cycle  is  unacceptable  (due  to  the  danger  of  the 
formation  of  barrier  ice  ror  tne  time  of  heating  and  inadmissible 
thickness  of  ice  for  the  cooling  time  at  hlqhcr  temperatures  of 
air) . 


A 


Flethods  of  regulating  tne  cycle. 


Simplest  and  available  metnoa  is  the  manual  switching  which  is 
applied  in  series/row  foieign  ana  seme  Soviet  aircraft  and 
helicopters.  It  consists  in  the  tact  that  with  the  the  low  t0  is 
included  the  prolonged  cycle,  witn  less  low  ones  -  the  cycle  is 
shortened,  that  also  corresponds  to  the  standard  curve  of  the  waf.  r 
content  (see  Chapter  I).  In  tuis  case  most  frequently  is  applied 
proportional  decrease  t,  and  *0„,  when  cyclic  recurrence,  i.e., 
relation  remains  constant/ invariable.  However,  this  system  has 

sufficiently  coarse  control  (usually  it  is  applied  <\o  mere  *»ia/rv  3.-3 
switchings  in  entire  temperature  range)  and  distracts  crew's 
attention  under  difficult  conditions  for  the  flight  when  the  latter 


DOC 


79116303 


FAU4  ftO 


even  without  that  is  surliciantiy  stressed.  Therefore  this  swirchir.  j 
is  used  by  crew  especially  uot  willingly  and  fairly  often  (just  in 
case)  systen  it  is  incluueu  to  tne  maximum  duration  of  cycle  even  a* 
lean  temperatures  of  surrounding  air. 

Considerably  sore  airectiveiy  must  be  the  system,  controlle i  ly 
the  special  automatic  macnine  waicn  depending  on  the  temperature  of 
surrounding  air  would  continuously  change  the  tine  (or  power)  of 
heating,  also,  depending  on  actual  icing  intensity  in  datum 
moment/torque  -  cooling  time,  wuic n  can  be  realized  with  the  ai  1  of 
the  ratemeter  of  icing,  constructs!,  for  example,  on  the  principle  of 
radioactive  or  thermoelectric  ice- md ica ting  equipment. 

Page  56. 

For  increasing  the  tiignt  sarety  in  system  can  be  provided  for 
the  signaling  for  the  case  of  mciaence/impi ngement  under  the 
off-design  conditions  or  icing,  moreover  there  can  be  two  signal 
aspects  of  the  danger:  it  system  iu  time  does  net  manage  to  dump  io- 
(i.e.  ice  with  next  section  is  tnrown  off  already  after  it  will  axc=  ri 
the  permissible  thickness),  men  in  this  case  must  be  given  out 
"danger  signal"  in  the  intensity;  nut  if  inteEsity  is  small,  lut  ti. - 
temperature  of  air  lower  tnan  calculation  and  therefore  heaters  it  ic 
simple  not  in  state  to  neat  surrace  to  the  positive  temperature. 


\ 


DOC 


79116303 


P  A  tit  /J/ 


necessary  for  slight  melting  or  ice,  then  must  be  "danger  signal 
according  to  the  temperature  or  dir".  Virtually  on  the  panel  for 
pilots  both  signals  can  oe  united  into  one. 

If  it  is  required  tc  incruae/connect  POS  pricr  to  the  entry  into 
cloudiness,  i.e.,  prior  to  tae  Ccjmning  of  icing,  then  for  this  just 
be  provided  for  the  possibility  or  the  manual  start  of  system.  After 
obtaining  of  the  signal  of  tne  beginning  of  icing  the  pilot  can 
switch  system  to  the  mcde/conaiticns  of  automatic  regulation. 

Is  of  interest  one  additional  system  {its  mock-up  was 
investigated  by  the  autncr  under  laboratory  conditions) whose 
fundamental  difference  trow  preceding/pre vicus  is  in  the  fact  ‘hat 
the  successive  switching  or  tne  sections  of  deicer  is  fulfilled  not 
by  distributor  gear,  but  vita  aiu  of  the  ther mcsensiti ve  eleaents*, 
established/installed  in  tae  neuters  of  the  surface  of  the  section?;: 
when  temperature  of  skin/sueatning  of  next  section  reaches  the 
assigned  magnitude  (somewnut  nrgnec  than  0°C) ,  signal  from  the 
thermosensitive  element  tnrougu  tne  sensitive  diagram  switches 
heating  in  the  following  section. 


FOOTNOTE  *.  As  such  ther mosensitive  elements  can  be  used  the  sam> 
sensors  which  are  used  tor  tne  protection  of  skin/sheatning  from 
superheating,  for  example,  in  tne  deicers  of  the  fir*  of  "Nepir" 
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[58],  firm  "Lockheed”  [libj  and  tae  series/row  of  others. 
ENDFOOTNOTE. 


Therefore  the  heating  time  automatically  changes  in  dependence  or  th* 
ambient  temperature  and  tne  aode/conditicns  of  flight,  i. e. ,  in  all 
cases  is  maintained/witistood  tne  optimum  mode  of  operation  cf 


deicer.  Thus,  switching  sections  continues,  until  terminates  icing. 

In  the  case  of  off-aesign  water  content  or  temperature  of  air 
for  such  a  system  can  be  provided  ror  the  same  "danger  signals"  as 
for  preceding/previous,  lor  wmch  the  system  also  must  have  a 
ratemeter  of  icing. 

It  is  obvious  that  a  similar  system  despite  all  ambient 
conditions  will  automatically  protect  skin/sheathing  from 
superheating,  furthermore,  upon  tae  start  of  system  on  the 
earth/ground  skin/sheathmg  will  ue  heated  net  more  than  to  several 
degrees  of  higher  than  zero,  whicn  will  allow  conveniently  and 
without  the  danger  of  superheating  to  carry  out  the  preflight  check 
of  system. 
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Standard  diagrams  or  ther moelectric  POS,  used  usually  for  th  f 
protection  of  wing  and  tail  assembly,  propellers  and  sometimes  air 
intakes,  consists  of  following  rasic  parts  (Fig.  3.8):  heating 
elements,  switchboard,  included  u y  hand  by  crew  or  it  is  automatic  hv 
the  signal  indicator  of  iciug  simultaneously  with  app  -ation  of 
voltage  on  the  power  bus  or  heaters,  thermosensitive  elements  for  ♦he 
protection  of  heating  elements  tcom  superheating  and  network/arid  of 
electric  power  supply  (power  auu  control linq/gu id ing 
wires/conductors,  switcnes,  contactors,  etc.). 

Heater  (heating  bundle)  (Fig.  3.9)  consists  of  the  heating 
element,  embedded  between  external  and  interior  layers  of 
insulation/isolation,  wnicn  on  carrying  and  seme  ether  parts  of 
subsonic  aircraft,  which  nave  comparatively  thin  skin/sheathinq ,  is 
arranged/located  either  uauer  sxiu/sheathing  (a) ,  or  from  its  taco 
(b) ,  or  for  an  increase  ia  the  rigidity  of  entire  bundle  it  is 
installed  between  two  thiu  sKius/sueathings  (c) .  During  thick-wallcl 
or  continuous  constr ucticns/designs  as,  for  example,  propeller 
blades,  struts,  and  also  snarp  edges  of  the  parts  of  the  supersonic 
aircraft,  etc.,  heaters  are  estaonshed/installed  outside  (d). 
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Fig.  3.8.  standard  diagram  ot  tneiuioelectric  cyclic  pos. 


Key:  (1).  Automatic  machine'  (rrcm  signal  indicator  reg. ) .  (2) 

startl  (3).  Thermosensitive  elements.  (4).  Heating  elements, 
circuit  of  contactors  cr  to  entry  of  sensitive  diagram.  (6) . 
supply,  (7).  Switchboard. 


Page  58. 


.  "Manual 
(5).  I:: 

To  pow--. r 


In  this  case  they  have  ^Lozacti. ve  layer  in  the  form  of  thin  metallic 
tipping  or  anti-abrasive  coating. 
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Heating  elements  can  be  most  varied:  from  the  series/row  of 
parallel  thin  wires,  frca  metai  roil  of  zigzag  layout,  from  difr-r-:it 
current-conducting  compositions,  current-conducting  fabrics,  etc. 

So,  heating  elements  or  tne  type  "Spray mat”  of  the  English  fii n 
of  "Nepir"  [107]  are  fuiiiileu  uug  the  alley  of  metal  (usually 
copper,  manganese  and  magnesium) ,  applied  by  the  method  of  the 
flame-spraying  method  tc  tne  specially  prepared  layer  of 
insulation/isolation,  me  current-conducting  eleaent/cell  will  b» 
deposited  in  the  form  cr  tn®  nanus  with  a  width  of  20-30  mm  which  a:~ 
connected  on  ends/faces  oy  tn«  copper  cross  ccnnections  spray-coat « d 
above  them.  The  outside  current-conducting  layer  is  covered/coate d 
with  the  layer  of  insulation/isoiation,  above  which  will  be  deposit -d 
anti-abrasive  coating,  and  on  the  clades/vanes  of  rotors,  on  their 
end  half,  outside  adheres  another  tipping  made  of  stainless  steel, 
since  anti-abrasive  coating  itself  sufficiently  brittle  and  that  the 
impact/shock  of  solid  particles  is  cracked. 

Elements/ce 11s  "Spraymat"  possess  a  comparatively  small  thermal 
inertness,  since  they  will  ue  deposited  outside.  They  can  be 
deposited  to  the  surface  or  any  of  intricate  shape  (Fig.  3.10), 
without  any  difficulties  tney  allow  in  the  limits  of  cne  heating 
element  to  obtain  sections  witu  dirferent  specific  power  and  to 

accomplish/realize  the  current  supply  of  different  voltage,  and  also 
cvrre.nt. 


-  <sk— - ,  v 
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Fig.  3.9.  The  versions  cr  tae  construction/design  of  the  heating 
bundles:  1  -  heating  element;  2  -  insulating  layer;  3  -  outer  skIi:;  4 
-  the  lover  covering;  5  -  protective  layer  (tipping) ;  o  - 
thick-walled  or  continuous  body. 

Page  59. 

A  shortcoming  in  taese  coatings  is  their  comparatively 
complicated  technology,  whicn  requires  the  large  space  of  manual 
labor.  However  this  difticulc/  in  proportion  to  for  improvement  and 
automation  of  production  can  be  to  a  considerable  extent  overcome. 

Should  be  focused  attention  on  some  special 
features/peculiarities  ct  abating  elements.  In  the  freguently  used 
elements/cells  of  zigzag  form,  cut  usually  made  of  the  thin  shee+- 
stainless  steel,  in  internal  augies  (Fig.  3.11a)  the  current  density 
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and,  consequently,  also  heating  are  very  increased,  whereas  ext 'm  i 
angles  almost  in  no  way  are  neateu.  This  leads  frequently  to  the 
burning  out  of  insulaticn/isolati ju  in  places  with  the  increased 
heating  and,  on  the  other  hanu  to  decrease  in  the  effectiveness  of 
heater  due  to  the  non-heating  sections. 

For  decreasing  this  undesirable  phenomenon  are  best  anything  ~ 
sections  to  copperplate  cr,  at  least,  to  make  in  internal  angles  cf 
the  cutting  out  (see  Fig.  3.  11n),  and  to  alsc  apply  the 
current-conducting  tapes  oi  small  width. 

Interesting  special  feature/peculiarity  have  the  elements/cel 1 
made  in  the  form  of  the  continuous  layer;  ♦heir  currant-conducting 
properties  can  be  char actaiiieu  ny  the  resistance  of  the 
element/cell,  which  has  square  rorrn,  which  does  not  depend  on  the 
size/dimension  of  square,  since  a  change  of  the  width  of  the  square 
in  equal  of  degree  changes  its  length.  This  specific  resistance  is 
expressed  in  ohms  to  square  (U/kV>  . 

The  resistance  of  right-angled  element/cell  is  determined  from 
the  relationship/ratio 

(3-0 

whara  Rk»  ~  a  resistance  of  square  in  the  Q/k¥j  #*»  -  width  cf 
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element/cell  (of  busbars  of  reea/supply  equal  to  length);  - 

length  of  eleaent/cell  (xn  tne  direction  of  the  flow  of  current). 

The  switchboard  of  tntr Bioelectric  POS  during  the  f ixed/recoraod 
cycle  acts  with  constant  velocity,  alternately  connecting  contactors 
ft  change  in  the  duration  01  cycle  with  constant/invariable  cyclic 
recurrence  is  accoDiplisfteu/reaiizeu  by  sinple  change  in  switching 
rate  of  switchboard  cr  ny  switcmng  a  multiple  quantity  of  contacts 
in  mechanise. 


Fiq.  3.10.  Plotting  heating  element  "Spraymat"  to  shielded  surface. 

Page  60. 


fts  thermal  switches  internee  for  the  protection  of  heater  ami 
slcin/sheathing  from  suparneatiug,  they  are  most  frequently  applied  1 
theraorelay  with  thermistors  (usually  by  the  theraistors)  ,  with  th« 
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aid  of  which  upon  reaching  or  t its  specific  temperature  of  heater  is 
disconnected  the  electric  power  supply  of  the  corresponding  sectioi. 
of  deicer. 

Sometimes  are  applied  also  bimetallic  thermoswitches,  connected 
in  series  in  the  feed  circuit  or  welding  contacts.  However,  they  hav 
too  great  a  thermal  inertia  ana  tnerefore  for  the  target  indicated 
they  are  recommended  to  ce  mey  not  can  (such  switches  can  be  used 
only  in  the  air-heat  systems,  since  they  react  well  only  to  the 
temperature  of  the  air,  whicu  wasues  directly  bimetallic  plate). 

Special  features/peculianties  or  the  electrical  heating  of  glasses. 

On  flight  vehicles  tne  neatiug  of  glazing  is  applied  mainly  for 
two  targets:  protection  trom  tne  icing  of  frontal  glasses  of  flight 
deck  and  defogging  of  glasses,  illuminators,  canopies  of  cockpits, 
etc.  Furthermore,  it  is  estaciisneu/installed,  that  preheating 
frontal  glass  to  a  considerable  extent  increases  its  durability 
against  destruction  during  collision  with  birds  apparently  due  to  an 
increase  in  the  elastic  deformation  of  layers. 
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Fig.  3.11.  Heater  of  zig-zag  loin;  a)  the  ncnuniform  density  of  tL- 
heating;  b)  the  methods  ot  decreasing  the  nonunifor mity . 


Key:  (1).  Copper  coating.  (2).  Non-heating  sections.  (3).  Zone  with 
superheating.  (4).  Cutting  out.  Var  iabie/alternating  density  of 

heating. 


Page  61. 


Electric  heating  grass  consists  of  the  following  layers: 
external  and  internal,  g iueu/ctaonted  between  themselves  by  elastic 
layers*,  for  example  frcs  polyvinyl  butyral,  and  the  most 
current-conductiny  fill,  wnica  ct  dependence  cn  the  fundamental 


DOC  =  79116303 


PAGE 


designation/purpose  of  glass  will  be  deposited  to  one  or  another 
layer:  for  protection  ficm  icing  -  to  the  internal  surface  of 
external  glass  (Fig.  3.1xa);  ror  defogging  -  to  internal  glass  (s:~ 

Fig.  3.1i6). 

FOOTNOTE  l.  For  increasing  in  me  impact  strength,  decrease  cf 
thermal  stresses  frontal  glasses  sometimes  are  made  more  than 
three-layered  ones.  ENCICOThuTh. 

The  glasses  utilized  at  nrst  witn  wire  heaters  did  not  find 
application  due  to  the  diirraction  phenomena  during  landing  in  night 
time. 

The  skin  of  frontal  glasses  is  fulfilled  from  silica  glass, 
internal  -  both  of  the  silicate  and  from  organic.  In  the  latter  cas-. 
for  increasing  abrasive  resistance  of  internal  surface  frequently  is 
applied  a  supplementary  layer  or  silica  glass. 

As  the  current-conaucting  element/cell  are  applied  or  the  oxid- 
films  (for  example,  from  oxide  or  tin)  or  films  from  metals  (for 
example,  gold).  Oxide  and  some  metallic  films  will  be  deposited  to 
glass  by  pulverization/atomization  at  elevated  temperatures  on  the 
order  of  550-650°C.  This  ract  clocxs  their  use/application  on  organic 
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Abroad  at  present  they  are  applied  in  essence  four  types  of 
electric  heating  glasses  £15bJ:  "heza'^  "Electrapana'^  "Triplex"  ar.d 
"Sayr ecoat". 

In  the  first  tuc  types  is  utilized  the  tin  oxide  film,  in 
rip  lex"  -  the  combination  or  riim  from  metallic  gold  and  bismuth, 
moreover  these  films  are  appiieu  with  silica  glass.  Is  of  interest 
the  current-conducting  riim  "Sayrecoat- 3 ",  developed  by  the  firm  ct 
"Sayresin  Corporation",  ana  at  present  manufactured  also  with  firm 
"Nepir"  that  has  license  for  its  manufacture.  It  is  the  oxide-fr'-^ 
metallic  film  which  is  settled  to  glass  by  the  method  of  evaperatier 
in  high  vacuum  at  temperature,  considerably  less  than  for  the  oxii  ; 
films,  manufactured  witn  tne  uetnou  of  pulverization/atomizaiicn 
[94]. 
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Fig.  3.12.  The  electrical  heating  of  the  glasses:  a)  for  the 
protection  of  frontal  glass  trom  tne  icing:  b)  for  defogging  cf 
lateral  glasses  or  lam fs/cancpies:  1  -  current-conducting  filn;  l  - 
external  glass;  3  -  elastic  layer;  4  -  internal  glass. 


Page  62. 

Therefore  the  film  can  be  deposited  on  many  plastic  transparent 
materials,  technology  ct  plotting  virtually  providing  the  abser.c'  cf 
the  so-called  "hot  spots"  -  tne  sections  with  the  increased  heatir.  -j, 
which  lead  to  large  local  stresses,  bubbling  interlayers  and  ev-^r. 
destruction  of  glass. 

The  specific  power  (power,  per  unit  surface  area),  necessary  for 
the  protection  of  glass  iron  icing,  according  to  the  data  of  the  fir, 
of  "Sayresin"  [94],  is  represented  in  function  of  flight  speed  in 

Fig.  3. 13. 
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Are  been  commonly  useu  trims  with  the  specific  resistance  (sr 
page  59)  from  6  to  40  G/kV.  In  tnis  case  the  colcr  of  films  in 
straight/direct  light/wcrla  is  obtained  pale-  straw,  and  transparency 
oscillates  in  limits  of  7d-a5o/c«  ihere  is  an  assumption  that  the 
straw  hue  of  glazing  even  is  tavorable  for  decreasing  the  luster  in 
cabin/compartment,  the  rilm  not  producing  polarizat iona 1  or 
interference  effects.  Furthermore,  it  possesses  property  to  reflect 
infrared  radiation,  which  is  important  fer  protection  from  solar 
radiation  at  high  altitudes,  ana  also  for  high-speed/velocity 
aircraft.  For  example,  witu  tne  tmekness  of  the  film,  which 
corresponds  to  5  Q/kV,  it  is  retiected  to  45-70o/o,  with  more  thin 
films,  on  the  order  cf  ro  G/xv,  to  20-40o/o  of  radiation/emission. 


Possibility  of  applying  a  tiia  of  the  type  "Sayrecoat-3"  on 
organic  glasses  made  it  possiule  to  prepare  all  frontal  glazing  freu- 
organic  glass,  as  a  result  or  wmen  increased  its  durability  ajain^f 
impact  loads  and  against  lamination  during  temperature  variations. 
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Fig.  3.13.  The  required  b^ciuc  power  for  protection  from  the  i cm  ^ 
glasses,  covered  with  fils  "5ayrecoat". 

Key:  (1).  M/cijz.  (2).  m/s. 

Page  63. 

As  an  anti-abrasive  layer  is  applied  the  specially  developed 
polyester  plastic  "Say resin- 900  "  and  of  its  varieties  which  many 
times  are  more  stable  against  scratches,  than  other  transparent 
plastics.  Furthermore,  are  aeveloped  the  methods  of  the  restoration 
of  glasses  from  solid  piastres  vra  the  polishing  of  small/fine 
scratches  or  with  the  replacement  of  entire  exterior  layer. 

Feed  of  the  electrical  neatmg  of  glasses  is 
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accomplished/realized  by  alternating  current  400  Hz.  Th^  oxide  :ii~ 
which  possess  the  high  epacinc  resistance,  require  the  increased 
voltage  which  is  obtained  usually  with  the  aid  of  the 
autotransformer,  which  nas  several  conclusion/output  with  different 
voltage  so  that  in  proportion  to  "aging"  of  film  (increase  in  the 
resistance)  it  would  be  poosiuia  tc  raise  the  supply  voltages. 
Metallic  films  ("Triplex",  "Sayrecoat")  have  considerably  smaller 
resistance  and  require  therefore  smaller  voltage,  film  "Sayrecoat" 
moreover,  is  very  stable  in  use,  thanks  to  which  the  need  in 
autotransformer  for  its  ieea/suppiy  can  generally  fall. 

For  the  protection  ct  glass  from  superheating  are  applied  t  he 
automatic  machines  of  heating  witn  sensors  frem  the  semiconductor 
(thermistors)  or  wire  tneciaistors,  installed  into 

connecting/cementing  layer  unacr  neating  element.  Upon  reaching  cr 
the  sensor  of  the  prescruea/assigned  temperature  the  automatic 
machine  disconnects  the  contactor  of  feed/supply  of  electric  heat-r. 


Upon  the  inclusion  of  heating  in  glass  appear  considerable 
mechanical  stresses.  Fcr  tnerr  decrease  frequently  is  applied  the 
step  connection  of  heating,  at  nrat  to  smaller  power  or  smaller 
temperature,  then  in  proportion  to  heating  of  glass  -  to  complete. 


However,  more  promising  is  tue  method  of  heat  control  by  a 
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steady  change  in  the  power  as  this,  for  example,  is 

accomplished/realized  by  a  urm  or  "Nepir"  [107],  it  consists  ir.  thr 
fact  that  the  part  of  the  sinusciu  of  alternating  current  with  th- 
aid  of  the  controlled  semiconductor  rectifier  is  shorn  with  phase 
displacement,  which  are  cnangeu  m  accordance  with  the  temperature  o 
external  medium,  as  shown  in  Pig.  j.  1 4. 


AtiStf 
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Fig.  3.14.  Regulation  ox  cue  power  of  heating  via  the  cut-off  or  the 
part  of  the  sinusoid  of  alternating  current  in  accordance  with  :n<> 
conditions  of  icing. 

Key:  (1).  the  total  power  or  heitrug.  (2).  power. 
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Page  64. 

Use  of  high-frequency  heating. 

As  is  known,  some  engines  can  be  very  sensitive  to  the  icing  of 
the  blades  of  rotor.  Hcwever,  tn«  protection  cf  moving  vanes  ly  usual 
methods  represents  complex  prodem  both  in  the  relation  to  the 
device/equipment  of  heaters  taemselves  and  in  the  relation  to  the 
supply  to  them  of  energy,  in  tms  connection  is  cf  interest  the 
method1  of  the  protection  of  steel  compressor  blades,  and  also  som-' 
other  parts,  based  on  the  use  of  aigh-f r equency  heating. 

FOOTNOTE  *.  Method  was  investigates  in  1958  on  laboratory 
installations  by  engineer  n.  G.  tapshin  together  with  the  author  of 
present  chapter.  ENDPOCINOTE. 

On  compressor  casing  in  tae  plan®  of  the  rotation  of  the  shielded 
series/row  of  blades  are  estani isued/insta lied  the  pole  pieces, 
magnetized  from  the  electromagnet  (possible  the  permanent  magnet) 

(Fig.  3.15a).  With  the  passage  or  the  steel  tlades  through  the 
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Magnetic  field  of  caps  they  ate  heated  as  a  result  of  the  onset  in 
them  of  eddy  currents  ana  Hysteresis  losses.  The  necessary  intensify 
of  heating  can  be  reacheu  via  tne  selection  of  a  necessary  number  of 
magnets  and  their  power. 


More  rational  version  is  tne  combination  of  device/equipment  tor 
heating  of  blades  with  tne  generator  of  electrical  high-frequency 
current.  For  this  the  pcie  pieces  are  fulfilled  all  over 
circumference  in  the  form  or  tne  stator  of  electrical  machine  wit;, 
the  slots/grooves,  into  waicn  is  inserted  the  winding  (see  Fig. 

3. 15b) .  In  other  words,  is  obtaiuea  induction  type  electric 
generator . 
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Fig.  3.15.  rise  of  the  hiyn-rrey uency  heating: 


a)  the  protection  of  the  blades  oz  the  rotor;  b)  -  deicer-genera* 
c)  -  the  winding  diagrai  or  yenecator. 


Key:  (1).  Poles.  (2).  Eiectroaaguet.  (3).  casing.  (4).  Blades  of 
rotor.  (5).  Slots/groov«s  wxtu  winding.  (6).  Excitation  winding. 
Inducing  winding. 
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As  a  result,  of  the  large  speed  or  rotation  of  the  rotors  of  aim  a  f* 
engines  and  considerable  number  or  their  blades  the  frequency  is 
obtained  the  order  of  several  rilonertz,  but  the  intense  cooling  of 
the  inlet  compressor  stage  maKes  it  possible  to  allow  high  current 
density  in  winding  therefore  tae  weight  of  this  deicer-  generator  it 
can  be  insignificant.  Toe  obtained  high-frequency  current  car.  be 
successfully  utilized  for  tne  ueatmg  of  other  parts  of  the  flight 
vehicle  and  engine.  In  particular#  if  we  make  housing  (core)  cf 
stator  blade  from  magnetoconducti ve  material,  and  external 
duct/contour  it  to  fulfill  maae  01  the  thin  stainless  steel,  then 
with  the  transmission  through  the  core  of  alternating  magnetic  fiell 
external  duct/contour  wrii  be  neated  as  short-circuited  secondary 
winding  of  transformer,  in  tors  case  automatically  is  provided 
heating  an  entire  surface  or  made  and,  furthermore,  it  is 
sufficiently  simple  to  carry  out  redistribution  of  heat-flux  density 
over  the  surface  (which  uuring  air  heating  is  extremely  ditfirul4-). 
For  this  the  sections  ct  s*ia/sneathing  of  blade  on  the  duct/contour 
of  the  cross  section  on  wmcn  it  *s  required  to  obtain  more  inters ' 
heating,  one  should  make  tniuner  (oy  etching),  and  sections  with  the 
lowered/reduced  heating  it  is  possible  to  coat  with  copper.  The  same 
construction/design  can  be  utilized  for  the  heating  of  sharp  edges. 


As  far  as  lifting  surfaces  are  concerned  large,  then  with 
heating  by  their  high-frequency  current  is  a  possibility,  besides  *  h 
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ohmic  heating  of  a  quite  neating  layer,  to  obtain  supplementary 
effect  froa  the  induction  nesting  of  directly  outer  covering.  Fol 
this  it  aust  be  made  from  the  tnin  sheet  of  aagnetoconductive 
material,  and  the  conductors  or  nesting  element  are  lined  in  a 
special  manner  in  order  to  enrorce  the  forming  magnetic  flux  (for 
example,  in  the  form  of  rldt/piane  spiral).  The  obtained  in  this  ca.sr 
effect  substantially  raises  toe  rate  of  heating  the  outer  covering, 
especially  in  initial  heating-up  period,  which  is  very  important  for 
a  cyclic  deicer.  According  to  tue  tesults  of  the  investigations, 
which  were  being  carried  out  under  laboratory  conditions,  the  rate  ot 
heating  heating  element  witn  tmu  outer  covering  made  of  maanet  steel 
grew/rose  approximate! y/exeapianly  from  0.03  1/s  with  the 
feed/supply  by  direct  current  approximately/exemplarily  to  0. On  1/s 
with  the  current  supply  or  cue  nigu  frequency  of  5  kHz.  From  the 
comparison  of  the  corresponding  curves  of  the  dimensionless 
temperature  of  heating  (see  Fig.  o  application/appendix)  it  is 
possible  to  see  that  this  aetnod  would  make  it  possible  to  noticeably 
decrease  the  required  pcwer  or  tue  time  of  cyclic  heating. 

Page  66. 

3.5.  IR-heat  deicers. 

The  standard  schematic  diagram  of  the  air-heat  de-icing  system 
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based  on  the  example  of  aircraft  Kith  two  jet  engines  is  shown  in 
Fig.  3.16.  Hot  air  is  selected/taiten  from  compressor  and  is 
fed/conducted  to  the  aircratt  components,  shielded  from  icing  (wir. 
tail  assembly,  air  intakes,  glasses,  etc.).  For  limiting  the  air 
bleed  from  engines  are  utilised  tne  limiters  cf  flow  rate  (reduction 
valves,  washers,  etc.)  ,  control  or  the  supply  of  hot  air  into  onj  or 
the  other  part  of  the  system  is  accom pi ished/realized  with  the  aid  cf 
remote  locking  devices/eguipaent.  in  the  bleed  line  of  air  are 
established/installed  the  checit  valves,  which  prevent  the  overflowing 
of  the  selected/taken  air  or  one  engine  in  another  and  provide  th  = 
operation  of  de-icing  system  in  me  cas°  of  failure  of  one  of  the 
engines. 

The  temperature  of  tne  not  air,  applied  into  deicer,  for  reasons 
of  strength  must  not  exceed  certain  permissible  value  (for  duralumin 
alloys  -  not  more  than  taO-^dd0  C)  .  For  a  decrease  in  the  temperature 
of  the  air  before  supply  in  deicer  are  applied  the  ejectors,  in  which 
to  hot  air  is  mixed  cold.  Anomer  method  of  a  decrease  in  the 
temperature  of  air  is  simultaneous  air  bleed  from  low-pressure  and 
high-pressure  compressor  stages  with  the  subsequent  mixing. 
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Fig.  3.16.  The  scheaatic  diagram  o i  the  air-heat  de-icing  system  of 
the  aircraft: 

1  -  compressor  of  the  engine;  X  -  air  extraction  manifold;  3  - 
limiter  of  the  flow  rate;  4  -  onec*  valve;  5  -  locking 
device/equipment ;  6  -  deicer  oi  tue  engine;  7  -  deicer  of  the 
glasses;  8  -  deicer  of  tn«  wing;  9  -  deicer  of  the  fin;  10  -  deicer 
of  stabilizer. 

Page  67, 

Diagram  of  deicers. 

The  diagrams  of  the  existing  air-heat  deicers  can  be  presented 
in  the  form  of  the  following  uasic  versions  (Fig.  J.17).  Host  simpi- 
is  the  first  diagram  [sue  Fig.  J.  17a).  hot  air  enters  tne 
longitudinal  air  duct  A ,  toraea  uy  outer  covering  1  and  wall  (or 
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longsron/spar)  2,  and  is  neateu  tfle  shielded  surface  to  the 
prescribed/assigned  temperature,  This  construction/design  usually  is 
applied  for  the  protection  of  the  small  aircraft  components  cr 
helicopter,  for  example  struts,  compressor  blades  and  guiding  d^vic:, 
blades/vanes  of  helicopter,  etc.  Sometimes  cn  this  diagram  is 
fulfilled  the  constr ucticu/design  of  the  deicer  of  nose/leading  -rdi- 
of  air  intake  of  engine. 

In  other  version  (see  fig.  J.  17b)  is  applied  the 
longitudinal-transverse  uistrioutxon  of  hot  air.  As  in  the  first 
case,  hot  air  enters  the  longitudinal  air  duct  A  and  then  it  is 
opened  into  transverse  cuaanexs  w^ich  are  fulfilled  with  the  ail  of 
the  fluted  or  dual  skin/snt:dtnin*.  For  the  creation  of  the  necessary 
pressure  differential  along  transverse  channel  vail  2  is  made  by 
hermetically  sealed.  Anctuer  longitudinal  air  duct  B,  into  which 
enters  the  exhaust  air,  nas  special  openings/apertures  ("louver")  for 
the  outlet  of  this  air  in  tn«  atmosphere.  This  diagram  received  wid_- 
distribution  and  it  is  appusu  in  the  constructicn/design  of 
deicers  of  wing,  tail  aesemuij  auu  air  intakes  of  engines. 
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surface: 

1  -  skin/sheathing;  2  -  wall  (or  xongeron/spar)  ;  3  -  corr ugatior. ;  - 

longeron/spar;  5  -  shiela;  o  -  manifold  "piccolo");  ^  -  flat/plun«-' 
mixing  chamber. 

Page  68. 


The  variety  of  the  pceceaiug/pre vious  diagram  is  the  diagram, 
given  in  Fig.  3. 17c.  The  opecrar  reature/peculiarity  of  this  version 
is  the  presence  of  speciai.  shieiu  which  serves  for  increasing  ‘ 
heat  efficiency  of  hot  arc  in  cnannel  A.  Shield  usually  is  fulfill- 
from  nonmetallic  material  (tor  example,  fiberglass  laminate).  I* 
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should  be  pointed  out  that  tub  introduction  of  this  shield  very 
insignificantly  raises  the  ef recti veness  of  deicer,  and  therefor- 
this  diagram  did  not  receive  tuae  distribution. 

In  three  latter/last  versious  the  longitudinal  distribution  o 
hot  air  is  accomplished/iaalusd  wu.th  the  aid  of  the  so-callei  tub 
"piccolo"  which  have  a  serxes/row  of  small  openings/apertures  (on 
order  of  1.5  mm)  along  irontai  generatrix.  These  diagrams  make  it 
possible  to  decrease  the  unprou  ucuve  heat  expenditures  in  charr.rl 
and  to  ensure  the  even  distribution  of  hot  air  along  the  length  of 
deicer.  The  simplest  veision  or  tms  heater  is  shewn  in  Fig.  3.  17.5 
Hot  air  escape/ensues  frem  the  epenings/aper tures  of  tUDe  "piccolo 
with  speed,  close  to  sotic,  auu  tnen  it  moves  over  channel  A,  h  ^  a  * 
skin/sheathing  to  the  prescr ined/assigned  temperature.  Due  to  the 
ejection,  created  by  the  jot  or  not  air  which  escape/ensues  frorr 
openings/apertures,  cccurs  the  circulation  of  °xhaust  air  in  th- 
cross  section  of  channel,  biven  construe tion/design  has  some 
advantages  according  to  tuermal  cnaracteristics  in  comparison  with 
diagram  in  Fig.  3.17a. 

The  more  advanced  version  or  such  heaters  is  the  diagram  in  F 
3. 17e,  which  was  called  "micro-ejector".  Hot  air  is  fed/conduct>  i 
into  manifold  6,  establisnea/instailed  along  the  span  of  wing  or  * 
assembly,  and  it  is  supplied  into  the  flat/plane  mixing  chamfer  by 
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through  the  small  nozzles,  art angeu/located  with  the  specific  spec- 
(about  10  mm)  on  manifciu.  During  the  outflow  of  hot  air  behind 
nozzle  occurs  the  draining  or  air  from  channel  A.  The  flat/plane 
mixing  chamber  smoothly  passes  into  corrugation  on  upper  and  pre-nsurr 
sides  of  profile  [125]. 

Is  of  interest  the  sixu  uiayrau  (see  Fig.  J.17f),  which  has 
much  in  common  with  "micro- eject or”  diagram,  tut  by 
construction/dasign  somewnat  simpler.  The  essential  difference  for 
this  diagram  from  pr  ecemng/pre  vious  is  the  presence  of  pressure 
chamber,  which  is  formeu  uy  siiiu/sueathing  1  and  hermetically  sa,i  1  -  ‘ 
wall  2.  In  this  chamfcer/caaera  is  created  the  overpressure  cf  ho*,  ^ir 
for  its  "extrusion"  througu  tue  transverse  channel  of  a  small 
(on  the  order  of  1.5  mm),  it  is  oovious  that  in  this  heater  it  do-'s 
not  occur  the  supplementary  draining  of  exhaust  air  (as  it  takes 
place  in  micro-ejector  system). 

It  is  necessary  to  note  taat  the  air-heat  heaters,  made  or.  one 
of  the  three  latter/last  diagrams,  most  effectively  work  when  all 
over  length  of  distributing  pipe  (tube  "piccolo")  is  provided 
supercritical  pressure. 
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The  transverse  channels  of  tne  air-heat  deicer  can  have 
different  constr uction/desig n.  The  possible  versions  of  the  design  c 
these  channels  are  shown  iu  Fig .  j.  18.  The  first  three 
constructions/designs  are  tulriiieu  by  stamping  the  lower  covering 
along  the  prescribed/assignea  pror lle/airf oil  with  its  further 
riveting  to  the  outer  covering,  iht  dual  channel,  formed  by  th<= 
corrugated  covering  and  tne  plate  (see  Fig.  3.18b),  was  planned  with 
purpose  of  the  elimination  of  tne  sadly/poorly  warmed  zones  in  ar^a 
of  riveted  joints  of  the  outer  covering  from  internal.  However, 
practice  shows  that  this  construction/design  of  channels  Joes  not 
give  any  considerable  aavantage  net ore  the  single  channel  (see  Fig. 
3.18a),  so  K  A I  has  the  supplementary  thermal  resistance,  due  to  wile 
in  the  places  of  contact  oi  noth  sxins/sheathings  it  does  not  occur 
the  expected  increase  ir  tne  temperature  of  the  outer  covering.  For 
decreasing  the  unheated  zones  can  oe  used  transverse  cnannels  with 
the  lower  coverinq,  in  whicn  are  made  the  punch-outs  under  riveted 
joints  (see  Fig.  3.18c).  Transverse  channels  can  be  done  parmar.fr.” 
and  variable/alternating  cross  section  (on  height/altitude)  along  th 
length  of  channel  on  the  enclosure  of  profile/airfoil. 

Three  recent  designs  ot  transverse  channels  are  fulfilled  by 
mechanical  or  chemical  milling,  Version  in  Fig.  3.18d  is  simples”, 
from  the  point  of  view  oi  manuracture;  however,  the  structural  w-ijh 
can  be  considerable.  The  most  modern  construction/design  of 
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transverse  channel  is  the  version  (see  Fig.  3„18f) 
connection  of  the  lover  covering  iron  external  is 
acconplished/realized  by  roller  or  spot  velding. 
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Fig.  3.18.  The  versions  cr  tue  coustr uction/design  of  the  transvi-r 
air  ducts: 


a)  channel  with  the  single  corrugation;  b)  channel  with  the  dual 
corrugation;  c)  channel  an  tnc  rorm  of  dual  skin/sheathing  with 
punch-out  under  riveted  joints;  a)  the  milled  channel  in  the  lower 
covering,  riveted  with  the  outer  covering;  e)  the  milled  channel  1 1, 
the  outer  covering,  riveted  vatu  tne  lower  covering;  f)  the  mill-1! 
channel  in  the  outer  covering,  to  which  is  welded  the  lower  covering. 


Page  70. 


Besides  the  air-heat  systems  of  permanent  action,  in  a  number  ni 
cases  can  be  used  cyclic  air-neat  ueicers.  The  necessary  conditio: 
for  the  effective  operation  or  tuis  system,  as  it  was  already  said, 
above,  is  the  presence  of  tne  permanent  effective  "thermal  knife"  i 
the  high  rate  of  heating  surface,  which  requires  the  increased  flow 


rate  of  hot  air  in  heating-up  period.  Fig.  3.  19  shows  the  version.'  of 
the  construction/design  or  "thermal  knives”  for  the  air-heat  deic-.-rs 
of  cyclic  action.  In  the  nrst  or  them  (see  Fig.  3.  19a)  ,  "thermal 
knife"  it  is  made  in  the  form  or  tne  longitudinal  channel  of  small 
cross  section  along  the  leading  edge  of  profile/airfoil.  In  the 
second  version  (see  Fig.  J.  19o)  "thermal  knife"  it  is  made  ir  for  r£ 
tube  "piccolo"  established/instaired  near  the  cuter  covering.  Th3 
third  version  (see  Fig.  J.  19c)  ,  is  usual  "thermoelectric  knife". 


The  construction/desigu  of  the  cyclically  heated  part  of  the 
air-heat  deicer  can  be  made  diirerently,  if  we  consider  the  possible 
combinations  of  the  standard  diagrams  of  the  air-heat  heaters  c? 
surfaces  and  versions  "air-neat  juuves".  Fundamental  regu irement  when 
selecting  of  the  diagram  or  cyclic  deicer  is  the  minimum  thermal 
inertness  of  construct icu/aesign.  Fig.  3.20  shews  one  of  the  rossinl- 
diagrams  of  the  air-heat  deicer  or  cyclic  action.  It  is  obtained  on 
the  basis  of  the  connection  of  the  diagram,  given  in  Fig.  1.  17f,  an  i 
"thermoelectric  knife".  For  decreasing  the  thermal  inertness  or  th ■ 
construction/design  of  deicer  pressure  chamber  A  (see  Fig.  3.1/f) 
must  be  minimum  space. 
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Pig.  3. 19.  Versions  of  ccnstr uction/design  of  "thermal  knives"  for 
cyclic  air-heat  deicers. 

Pig.  3.20.  Possible  diagram  or  cyclic  air-heat  heater  of  wir.g 
surface: 

1  -  skin/sheathing;  2  -  corrugation;  3  -  manifold;  4  - 
"thermoelectric  knife";  b  -  wail  or  longeron/spar. 

Page  71. 

Jet-edge  protection  of  frontal  glasses. 

A  special  question  is  tae  protection  of  frcntal  glasses  of  th- 
pilot*s  cabin  (helicopter)  from  icing  with  the  aid  of  hot  air.  l-ig. 
3.21  gives  the  diagrams  or  t*o  versions  of  the  protection  of  f  ron  *  a  1 


V 

f 


DOC 


79116304 


F  A(j£ 

l1* 


glasses  from  icing  with  tac  use  or  hot  air.  In  the  first  (see  Ki-. 
3.21a)  hot  air  is  supplied  mto  tne  flat  duct  between  the  external 
and  internal  panels  of  glass,  dcwever,  this  version  of  the  heatir;  j: 
glass  did  not  win  acceptance  as  a  result  of  the  number  of 
structural/design  and  operating  sacrtcomings.  note  effective  prov  -  1 
to  be  the  method  of  the  so-called  jet-edge  protection  (or  otherwi s  1  - 
"air  barrage"  (see  Fig.  d.rlo),  wmch  can  be  used  both  for  the 
protection  from  icing  ana  ror  an  improvement  in  the  visibility 
through  glass  with  flignts  into  rain.  The  principle  of  jet-edg^ 
protection  lies  in  the  tact  tnat  not  air  is  thrown  out  behind 
two-dimensional  nozzle,  arraiigeu/iccated  before  the  leading  edg*  oi 
glass,  and  is  exerted  ou  tne  settling  water  mechanical  and  thermal 
effect,  in  consequence  of  waxen  it  partially  evaporates,  partially  i* 
is  blown  away  (for  greater  uetaii,  see  chapter  V  and  Vll) . 


i 
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Fig.  3.21.  Diagrams  of  the  air-heat  heaters  of  the  frontal  glass'? 

a)  the  internal  heating  of  tne  glasses;  h)  the  jet-edge  proteotio 
glasses. 

Key;  (1).  external  panel.  (1).  rront  glass.  (3).  Jet  of  hot  air. 
Two-dimensional  nozzle,  lo) .  internal  panel.  (6).  Hot  air.  (7). 
(lanif  old. 
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Sometimes  jet-edge  protection  can  be  used  for  the  protection 
from  icing  and  other  aircraft  components.  For  example.  Fig.  3.2^ 
shows  its  use/applicaticn  tor  tne  protection  of  the  conical  radome. 
"air  barrage"  can  serve  also  as  means  of  defense  from  the  icinq  of 
small  air  intakes  or  objectives  or  the  optical  instruments, 
established/installed  towarus  tn«  incident  airflow  {see  Chapter  X) . 
Furthermore,  jet-edge  protection  partially  is  utilized  during  th-* 


i 
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combination  of  the  boundary  layer  control  system  and  de-icing  sys*> 

Deicers  of  gas  turbine  engines. 

For  the  protection  cr  tne  parts  of  the  inlet  duct  of  engir.-s 
from  all  known  methods  widest  application  was  obtained  air-heat,  r r. 
certain  cases,  as  has  already  mean  mentioned,  is  applied  more  hotly 
oil,  and  also  combination  ox  the  methods  indicated.  However,  it 
should  be  noted  that,  in  spite  or  comparative  simplicity  of  the 
construction/design  of  the  air-neat  system  and  its  sufficient 
reliability  in  operation,  it  nas  also  shortcomings,  characteristic  to 
all  air-heat  systems  witn  air  nxeeu  from  compressor,  i. e.  th» 
effectiveness  of  this  system  is  round  in  direct  dependence  on  engine 
power  rating  (besides  TVD).  Tnereiore  under  conditions  of  idling  or 
close  to  it  air-heat  system  is  usually  barely  effective  and  it  it  is 
necessary  to  design  with  reserve  or  for  the  mere  economical 
utilization  of  hot  air  it  is  necessary  to  apply  the  automatic 
regulation  of  a  guantity  of  seiected/tak en  air  depending  on  engir.: 
power  rating. 
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Fig.  3.23.  The  schematic  of  the  de-icing  system  of  the  engine: 

1  -  fairing;  2  -  applied  s poxes;  3  -  tube  of  the  supply  of  the  air;  4 

-  blade  directing  apparatus;  5  -  diaphragm;  6  -  the  throttle  pla*e;  7 

-  tap/crane  of  air  intake;  d  -  adapter  of  tne  f ront/leaiing  housing; 

9  -  adapter  of  the  diffuser;  Id  -  thermocouple  for  measuring  tin 
temperature  of  surface  during  tests. 

Page  73. 

The  diagrams  of  the  distribution  of  hot  air  and  the  design  of 
the  heating  of  the  shielded  parts  depend  on  the  ccnstruction/design 
of  the  input  parts  of  concre te/s^ecif ic/actual  engine  and  can  be  most 
diverse.  For  an  example  Fig.  3.23  and  3.24  give  the  typical  pattrrr.s 
of  air-heat  POS  of  engines,  and  in  Fig.  3.25  -  schematic  of  th>^ 


Daring  the  development  of  tae  constructicn/design  of  air-h--.it 
POS  of  engine  it  is  necessary  to  locus  attention  on  correct  air 
distribution  according  to  ail  elements/cells  cf  inlet  duct,  which 
ensures  the  uniform  heating  of  all  shielded  elements  of 
construction/design.  For  decreasing  the  heat  losses  should  L  - 
provided  the  necessary  thermal  insulation  of  supply  lines  and  oth-r 
elements/cells  in  the  line  of  not  air. 

In  certain  cases  it  is  eapeuient  to  apply  the  ejection  c£  th- 
hot  air,  selected/taken  from  compressor.  In  particular,  such  ejectio: 
is  made  in  POS  of  engine  D-20^.  The  ejection  hot  air  is 
selected/taken  directly  alter  tne  eighth  step/stage  of  the  seccr.  : 
cascade/stage.  The  ejected  "cold"  air  is  supplied  from  the 
interlabyrinth  cavity  of  tue  eighth  step/stage  of  the  second 
cascade/stage  of  compressor 

Let  us  examine  in  more  detail  the  construction/design  of  the 
separate  elements  of  de-icing  system. 

Struts  (applied  spoken),  lae  heating  of  struts  is 
accomplished/realized  usually  at  a  distance  from  leading  edge,  r me.'. 


v»V>' 


* 


DOC  =  79116304 


P  A(j  £ 


to  approximately/exempldriiy  JOo/o  of  its  overall  width.  Heating 
accoaplished/realized  aii  over  nei ght/altitude  cf  strut,  with  j*u 
of  an  increase  in  the  eltoctiveness  of  heating  within  the  warped 
of  the  strut  usually  it  is  estaoiished/installed  deflector  or 
longitudinal  corrugations  (Fig.  3. i6)  . 
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Fig.  3.25.  Schematic  of  aixed  type  de-icing  system: 


1  -  supply  of  hot  air;  z  -  ulaue  V  NA ;  3  -  shutter/valve;  4  -  valve’  of 
bypass  of  hot  air;  5  -  ice-inaicating  equipment;  6  -  supply  cf  air  :c 
cartr idge/amaunition  of  fuel  automatic  machine;  7  -  air  intake  of 
fuel  automatic  machine;  6  -  ori  supply  from  pump;  9  -  branch/re irova  1 
of  oil  mixture  to  air  separator;  10  -  frontal  crankcase. 
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Fig.  3.26.  Construction/design  of  the  heating  of  struts. 


Key:  (1).  Deflector.  (2j.  Caanadx  lor  hot  air.  (3).  Corrugations. 
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Blades  VNA.  The  heating  or  oiades  VNA  must  be  examined  taking 
into  account  the  angle  ci  tneir  rotation  and  knee  of  trailing  edg-*. 
When  blade  VNA  fixed  and  tne  ueoa  angle  of  trailing  edge  it  is  small, 
possible  to  accomplish/reaiiz©  abating  of  its  only  leading  edge  at  a 
distance  of  - 30o/o  from  tne  «rutn  of  blade,  if  the  knee  of  trailing 
edge  is  more  than  8°  or  blade  rotary,  then  it  is  necessary  tc  provii- 
the  heating  of  the  trailing  edges  of  blades.  The  diverse  variants  o< 
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the  construction/design  or  neating  are  represented  in  Fig.  3.27. 

Fig.  3.27a  gives  the  schematic  of  the  heating  of  blade  VNA  with 
a  deep  slot/groove,  in  tig.  3.  27n  -  blade  VNA  with  a  deep  slct/grorv- 
and  supplementary  slots  in  tae  rear  end  of  the  blade.  The  hot  air, 
which  comes  out  from  supplementary  slots,  must  provide  protection  oi 
trailing  edge  from  icing. 

Fig.  3.27c  shows  tne  version  of  the  heating  single-piece  milled 
blade  VNA  with  special  external  tain-walled  shell.  Hot  air  enters 
slot/groove  on  the  leading  eu^c  or  blade  VNA  and  further  on  the 
milled  slots  it  emerges  irom  tne  side  of  its  trailing  edge. 

Fig,  3. 2 7d  gives  tne  construction/design  of  the  hollcw  skeleton 
blade,  in  which  is  proviuea  the  neating  of  an  entire  surface  of 
blade. 
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Fig.  1.27.  Versions  of  the  neatmg  of  blades  VNA: 

a)  blade  VNA  with  the  deep  slot/groove;  b)  blade  VNA  with  a  deep 
slot/grocve  and  supplementary  biota  in  the  rear  end  of  the 
profile/airfoil;  c)  the  single- piece  milled  blade  with  the  special 
thin-walled  shell;  d)  hollow  sseieton  blade. 

Page  76. 

Fairing.  For  the  effective  ueating  of  fairing  hot  air  must  be 
fed/conducted  to  its  f rcnt/leaciing  part,  on  which  occurs  most  inter, 
ice  formation.  Hot  air  fioia  struts  or  blades  VNA  is  fed/conducte  i  n 
tubes  to  its  front/leading  pact  and  further  on  radial  clearance. 


mm  ■■  •  • " 
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formed  by  external  wall  ana  internal  deflector,  it  passes  along 
fairing  and  it  is  thrown  out  tarough  openings/apertures  into  th  - 
inlet  duct  of  engine.  One  of  tae  versions  of  the 
constructions/designs  of  rairing  is  given  in  Fig.  3.28. 

3.6.  Factors,  which  affect  tae  selection  of  de-icing  system. 

As  it  was  said  in  the  oeginnmg  of  this  chapter,  until  today 
most  effective  are  theraai  safety  methods  from  icing.  Therefcr^  ir 
all  cases  when  is  required  relranle  protection  in  the  sufficiently 
broad  band  of  the  conditions  or  tne  icing;  (tc  corresponding 
international  norms) ,  sneuid  ne  applied  thermal  POS. 

However,  the  use/applicatioa  of  other  methods  can  be  advisable 
only  when  to  the  protection  or  tirght  vehicle  from  icing  are 
presented  less  strinqent  requirements,  and  the  reserve  of  its  pow--r 
is  very  limited  (usually  on  ligat  aircraft  and  helicopters  with 
piston  engines) ,  and  alsc,  when  tae  use/application  of  thermal 
methods  either  is  lmpossroie  or  it  is  extremely  hindered/hamrei e  \ 
(radoraes,  sensors  of  seme  instruments,  etc.). 


ft 


r 

\ 


f: 


1  -  supply  of  hot  air  tc  tne  fairing;  2  -  tube  of  the  supply  of  air 
to  the  nose/leading  edge;  i  -  art  escape  into  nose/leading  eagp. 


Page  77. 

When  selecting  of  one  or  cue  other  type  cf  thermal  deicer  it  i  i 
necessary  to  consider  tne  following  factors; 

a)  the  possibility  of  tne  most  economical  use  of  energy, 
selected/taken  from  aircraft  engines.  Here  enter  questions  of  the 
selection  of  the  fora  of  tne  source  of  thermal  energy,  its  location 
of  relatively  heating  surfaces,  efrect  of  the  selection  of  energy 
input  on  the  flight  characteristics  of  flight  vehicle,  etc.  The  most 
complete  response/answer  to  all  these  questions  gives  evaluation  pr:; 
(just  as  other  systems)  troa  the  point  of  vie*  of  its  equivalent 


mwtort. 
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weight,  as  shown  further; 


b)  the  applicability  of  tnis  ueicer  front  the  point  of  view  of  the 
protection  necessary  fcr  degree  u'on  icing,  i.e.  necessary  whether 
for  the  part  of  the  flight  venicla  in  question  the  deicer  of  coutpL.-r. 
evaporation  or  to  admissibly  utilize  a  deicer  of  incomplete 
evaporation  or  the  cyclic; 


c)  the  possibility  of  tne  design  or  deicer  on  the  shielded  element  of 
construction/design,  i.e.  in  essence  this  a  question  of  the  selection 
of  the  air-heat  or  electrical  deicer. 


All  these  factors  undouotedly  are  tightly  interlocked;  therefor.' 
before  finally  selecting  one  or  another  version  POS,  should  be 
rated/estimated  it  from  aifrerent  point  of  view. 


Let  us  pause  at  separate  moments/torques  in  more  detail.  Ne-d  ii. 
the  deicer  of  complete  evaporation  most  frequently  is  connected  with 
the  danger  of  the  damage  or  tne  eludes  of  compressor  rotor  of 
aircraft  engines  in  the  case  of  incidence/impingeaent  into  the  inl't. 
duct  of  the  pieces  of  ice.  in  otner  words,  if  into  engine  is 
inadmissible  the  incidence/impi ugement  of  ice,  then  all  parts  of 
inlet  duct,  and  also  part  oi  tne  flight  vehicle,  arranged/locate  \ 
before  the  air  intake,  must  oe  equipped  with  the  deicers  of  ecmpl  't.> 
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evaporation.  In  particular,  tnis  is  related  to  the  root  sections  o t 
the  upper  surface  of  the  wing  of  aircraft  whose  engines  are 
arranged/located  in  the  rear  end  of  the  fuselage.  However,  on  the 
remaining  shielded  wing  surface  can  be  used  either  POS  of  incoropl-t 
evaporation  or  cyclic  (fig.  J.z9).  This  layout  cf  protective  syste-n. 
it  has,  for  example,  English  aircraft  "Trident". 

But  if  compressor  blades  ar<s  made  sufficiently  durable,  ar.d 
small  ice  falling  into  compressor  goes  not  affect  noticeably  the 
operation  of  engine,  then  tor  protection  cf  the  parts, 

arranged/located  in  inlec  duct  ana  before  it,  let  us  allow  cyclic 
heating  with  sufficiently  snoct  cycle  during  intense  heating.  This 
system  successfully  is  applied  on  the  air  intakes  of  some  English 
aircraft  (for  example,  "Argosy"). 

From  the  point  of  view  or  tn<=  savings  cf  power  the 
use/application  of  cyclic  deicers  is  even  mere  expediently  for  the 
air  intakes  of  the  supersonic  aircraft,  which  have  sharp  edge.  Th- 
fact  is  that  the  icing  cf  tne  sflarp  edges  of  supersonic 
profiles/airfoils  and  an  mta*es  differs  frex  usual 
profiles/airfoils  in  terms  or  larger  difference  between  the  vil 

of  the  capture  region  ara  region  or  the  spreading  of  the  water  film 
(see  Chapter  V) . 
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Ice  built-up  edge  is  usually  concentrated  only  on  very  the  pcir.t  o 
sharp  edge,  whereas  the  spreading  of  water  it  occurs  many  times 
further.  As  a  result  the  zone  or  tne  capture/grip  of  ice  is  measur 
literally  by  millimeters,  ana  tne  -rone  of  the  spreading  of  water 
during  preheating  of  suilace  can  reach  several  decimeters,  as  is 
evident,  for  example,  in  tne  photographs  of  Fig.  3.30,  in  which  is 
shown  the  icing  of  the  cola  ana  neated  sharp-lip  inlet,  which  was 
being  investigated  on  frying  laboratory.  For  preventing  barrier  ic 
with  permanent  heating  in  tnis  case  it  is  necessary  either  tc  war.r 
very  large  area,  or  to  create  the  considerable  superheating  oi 


surface  in  nose 


section 
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However,  the  use  of  a  cyclic  deicer,  which  consists  of  the 
coabination  of  the  continuous  nearing  of  sharpest  edge  (i.a.  "thenra 
knife")  and  cyclic  heating  or  remaining  surface  (Fig.  3.31),  maker;  i 
possible  to  be  restricted  to  the  very  small  size/dime nsion  (along 
flow)  of  the  latter.  Consequently ,  this  deicer  will  be  considerably 
more  econoaical  in  comparison  wita  permanent  heating.  However,  the 
duration  of  cycle  in  this  case  always  can  be  selected  sufficiently 
low. 


Generally,  if  on  tne  saieiaea  part  is  inadmissible  the  format io 
of  barrier  ice,  and  the  use  or  a  deicer  of  conplete  evaporation  is 
difficult,  then  should  be  useu  POS  of  cyclic  action. 

Examining  thermal  ue-iciag  systems  as  the  user  of  energy,  one 
should  consider  that  the  different  methods  its  selection  differently 
affect  not  these  or  other  flight  cnaracterist ics  of  flight  vehicle, 
either  acting  directly  on  the  eugine  characteristics  during  the 
selection  from  them  of  hct  air  or  increasing  the  weight  of  apparatus 
Thus,  for  instance,  the  rate  or  climb  of  aircraft  greatly  strongly 
affects  air  bleed  from  compressor  p126]. 


* 


ilia 
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Pig-  3.31. 


Pig.  3.32. 


Fig.  3.31.  Different  size  or  watmeu  zone  on  sharp  edge  in  cases  of 
permanent  and  cyclic  heating. 

Key:  (1).  Capture  region.  i2).  Spreading  of  water.  (3).  Zone  of 
continuous  heating  ("thermal  unire").  (4).  Cyclically  heated  surface. 

Fig.  3.32.  Effect  of  air  oieeu  from  compressor  on  power  or  engine 
thrust: 

G/G0  -  ratio  of  selected/taKen  air  flow  rate  to  general/commcn/t of  a  1 
air  flow  rate  through  engine;  aN,  AR  -  change  in  thrust  or  power. 

Key:  (1).  or.  (2).  Boundary  for.  (J).  Nepir  "Gazelle."  (4).  Optimum 
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relationship/ratio  fcr.  (a) .  Nepir  "Island." 
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In  turn,  selection  or  one  ana  the  same  quantity  of  air  has 
different  effect  on  the  characteristics  of  the  gas  turbine  engines  a*, 
different  diagrams.  For  TRD  or  usual  diagram  of  expended  power 
corresponds  percentage  decrease  or  the  air  flew  rate  through  the 
turbine,  as  can  be  seen  from  r*g.  d.  32,  borrowed  from  [107%  This  T'L; 
for  protection  from  icing,  ana  also  for  other  needs  can  have  select  -_d 
to  12o/o  of  general/commou/totax  air  flow  rate.  More  sensitive  to  air 
bleed  from  compressor  is  TVKD,  ror  which  the  air  bleed  must  net 
exceed  approximately/exeapiatiiy  7c/o  of  the  general/common/total  ait- 
flow  rate.  Even  more  sensitive  in  this  respect  is  TVD,  in  which  it  is 
lost  by  2-3o/o  of  power  by  every  lo/o  of  selected/taken  air; 
therefore  permissible  selection  is  limited  only  5c/o  of 
general/common/total  air  flow  rate  through  the  compressor. 

3.7.  Evaluation  of  the  weiyut  cnaracter istics  of  de-icing  system 
during  design. 

The  weight  of  de-icing  system  has  noticeable  effect  on  the 
transport  effectiveness  or  aicctart  (helicopter)  or  its  tactical 
flight  data,  for  example,  vou  j_1J7]  produces  decrease  of  payloai 


■•reel 
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approxiaately/exeaplarily  on  io/o  ror  aircraft  and  on  60/0  for 
helicopters. 

In  work  [147]  it  is  indicated  that  according  to  statistical  ca's 
the  weight  of  the  structure  POn  or  aircraft  is  approximately 
O.8-I.O0/0  of  takeoff  weignt.  inert  is  given  formula  for  the  rough 
estimate  of  the  weight  PCS  or  ue  aircraft 
0K  =  225  +  0,0O3Go  ta,  (3.  2) 

where  GK  -  a  weight  of  structure  POS; 

(i0  -  the  takeoff  weight  or  aircraft. 

For  a  helicopter  this  weight  relatively  higher  and  ever,  for  most 
economical  POS  reaches  l.foo/o  or  takeoff  weight  [107], 

The  given  data  are  related  to  the  adjusting  weight  of  the 
structure  of  de-icing  systems,  however,  the  presence  of  protective 
system  from  icing  on  board  arrcrart  or  helicopter  is  connected  wi-1 
the  expenditures  of  power  ror  its  work  and  with  the  expenditure:,  c: 
fuel/propellant.,  necessary  tor  its  "transport"  by  air.  Furth error •- , 
some  elements/cells  POS  can  cause  an  increase  in  the  drag  of  tliil.r 
vehicle,  which  will  be  also  connected  with  the  supplementary 
expenditures  of  power  and  r uei/propellant. 
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These  expenditures  can  ce  presented  in  the  form  of  the  equivalent 
weights  which  are  added  to  tne  weight  of  structure  POS: 

G  =  G  -  AC!  +  AC*  f  AC*  (3.  3) 

floe  K  T  M  C* 

where  CK  -  an  adjusting  weignt  of  structure  PCS; 


AG’  -  fuel  load  which  is  required  lor  the  "transportation"  of  de-icing 
system  with  a  weight  of  GK; 


3G’  -  entire,  equivalent  horsepower,  which  is  necessary  for  a  wori 


A C|-  weight,  equivalent  to  tae  drag  which  produces  separate 
elements/cells  POS. 


Adjusting  weight  PCS  is  tae  total  weight  of  the 
construction/design  of  the  deicers  of  the  aircraft  components  or 


helicopter,  i.e. 


Gm  =*  S  Gk4  4'  2  HCT/t 
1—1  /“I 


where  VO*  -  the  total  weight  of  tne  heaters  of  surface  (wing,  tail 
«- i 

assembly,  air  intakes  of  engines,  glasses,  screws/propellers,  etc.), 
including  the  weight  of  distributive,  commutation  and  signalling 


'ices,  and  Vg&kt/  *  a  weight 

j  = ' 


of  the  structure  of  the  sources  of 


j!.& 


IF  — 
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powers  which  provide  energy  input  into  de-icing  system.  The  weight  of 
the  heaters  of  surface  uepenas  on  the  principle  of  their  operation. 
Thus,  for  instance,  according  tc  data  [65]  the  weight  of  the 
structure  of  the  deicer  of  wing  can  be  found  from  the  equation 
(GJ*,  «  C.I.P.  (35) 

where  Ct  -  a  statistical  coefficient  in  JcG/m; 

L  -  wingspan  m. 

Value  C|  composes  approximateiy/exemplarily  5. 8-6.0  for  the 
air-heat  heaters  and  3.8-4.1  rot  tnermoelectr ic  ones.  But  the  more 
precise  evaluation  of  the  weigut  or  de-icing  systems  can  be  fulfilled 
only  on  the  basis  of  the  data  union  can  be  accumulated  during  the 
design  of  analogous  devices/equipaent. 

The  total  weight  of  tna  sources  of  power  for  POS  also  depends  cr. 
the  design  features  of  system.  Are  possible  the  most  varied 
combinations  with  the  use  of  sources  indicated  above  of  power.  Let  us 
assume  that  the  total  number  ot  neaters  of  surface  in  de-icing  system 
can  be  presented  in  the  form  of  tne  sum 

n  =  «i  +  «»  +  »»  +  n*»  @ 

where  n*  is  the  number  ct  heaters  to  which  is  fed/conducted  het  air 


directly  from  the  compressor  or  engine;  n2  -  number  of  heaters, 
connected  with  the  special  neat  exchanger  (in  which  are  utilized,  for 
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example,  exhaust  gases)  ;  u3  -  numoer  of  heaters  with  power  supply 
from  generators  and  n4  -  tne  numoer  of  heaters  to  which  the  require 
power  is  fed/conducted  from  auxiliary  power  unit  (VSU) . 

Page  B2. 


Then  the  total  weight  or  coostr uction/design  a  of  the  sources  of 
power  or  their  parts,  whicn  ensure  the  operation  of  de-icing  system 


as  a  whole,  can  be  determined  oy  tne  formula 

i3-7) 

1=1  i*-.l  i=l 

where  G,  0  -  all  ccnstructions/designs  of  the  special  heat  exchanger; 


Gr  and  Nr  -  weight  and  power  or  tne  generators; 


Gm  \  and  iVhov  -  weight  and  power  VSU; 


Qi  and  1<  -  calorific  requirement  (required  pcwer)  and  thermal 

efficiency  (coefficient  cr  neat  use)  for  the  i  deicer  of  wing,  tail 
assembly  of  engine,  glasses,  etc.). 


The  values  of  the  majority  or  the  parameters,  which  stand  in  *■ 
right  side  of  formula  (3.7),  ertner  are  known  during  the  design  of 
aircraft  or  it  is  possiole  to  rate/estimate  then  according  to 
statistics.  In  particular,  the  tnernal  efficiency  of  the  air-heat 
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heaters  lies/rests  in  the  range  0.4-0.75,  and  the  efficiency  of 
thermoelectric  heaters  is  equal  to  approximately/exeaplarily  C. 8-0.9 
Values  Qi  can  be  approximately  calculated  on  the  basis  of 
average/mean  heat-flux  density  qn  t roa  the  foraula 

Qi  -■  (3  s) 

where  Ft  -  surface  area  of  the  l  neater  to  which  is  fed/conducted  th 
power.  Por  the  deicers  ct  continuous  action  this  area  is  equal  to  th 
complete  area  of  heater  FnHt.  an  a  in  the  case  of  cyclic  deicer  F,  it  i 
found  from  the  expression 

Ft^~ {39) 

where  nc  -  a  quantity  of  sections  in  the  deicer  in  question. 

As  far  as  value  is  concerned  of  average/mean  heat  flux,  ttwn 
approximately  it  is  possible  to  cousider  that  qn  *1.0  M/crn*  tor  th~ 
heaters  of  permanent  action  and  approximatel  y/exemplarily  1.5-2  tin.  - 
more  for  cyclic  heaters.  More  precision  determination  of  exterral 
heat  flux  is  given  in  chapter  V,  Vi  and  VII. 

Page  83. 

Unfortunately,  there  is  insurricient  information  by  the  weights 
of  special  heat  exchangers  tor  de-icing  systems. 

In  the  past  on  poston-engined  aircraft  sufficiently  widely  w*-:  r 


aust  be  substituted  their  equivalent  horsepower,  i.e 
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V*  =r  n  -P  V  ,  xr-MlceK, 

.  c.  y  A*  **  K| 


(3.  12) 


where  n».  -  a  quantity  ox  engines  on  aircraft  or  helicopter; 


P*»  -  thrust  of  one  engine  xn  the  kgf; 


Vkp  -  Cruise  speed  of  aircrait  in  m/s. 


If  on  aircraft  (helicopter)  are  autonomous  air  intakes  for  POS, 
then  this  can  lead  to  an  increase  in  the  drag  of  aircraft-  In  this 
case  effect  POS  on  drag  also  it  is  possible  tc  express  by  the 


equivalent  weight 


A  Gy—  (AXe)noc  x  ’ 


(3.  13) 


AGj  =  K  (AXc)noc, 

where  Xc  -  the  total  drag  of  the  aircraft; 


K  -  quality  coefficient  of  aircraft  (in  cruise) 


Page  84. 


An  increase  in  the  drag  due  to  autonomous  air  intake  is  designed 


from  the  known  fornula 


(AX)noc  —  — 2~ 


(3.  14) 
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Thus,  complete  equivalent  weight  POS  on  takeoff  can  be 
determined  on  the  basis  or  the  following  formula: 

«4oc  -  c.  ( '  -  -07)  i-  :CT  tQi  +  K  Wnoc '  »  “> 

in  which  the  adjusting  veigut  or  structure  qk  is  determined  either 
from  the  statistical  dependences  or  form  (3.5),  or  by  the  direct 
calculation  of  weight  alter  sretcn  design  of  one  of  the  versions  pos 
taking  into  account  formulas  1J.4)  and  (3.7). 


The  value  of  complete  equivalent  weight  can  serve  as  a 
comparative  criterion  ot  tne  etnciency/cost-ef f ectiveness  of  the 
diverse  variants  of  the  de-icing  systems  which  can  be  designed  for 
this  aircraft  or  helicopter.  Puysically  this  value  indicates,  to  wild 
extent  is  decreased  payload  weigat  during  installation  POS  to 
aircraft.  At  the  same  time,  knowing  the  equivalent  weight  of  system, 
it  is  possible  to  rate/estimate  its  effect  on  the  tactical  flight 
data  of  aircraft. 
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chapter  IV. 


Methods  of  the  definition  or  the  zones  of  icing  (zones  of  ’'catching") 
on  the  surface  of  aircraft  1 . 


FOOTNOTE  *.  It  is  written  to  b.  A.  Stroganov.  ENDF00TN0TE. 

Ice  formation  on  the  surrace  of  aircraft  can  be  represented  as 
the  result  of  two  phenomena: 

-  the  collision  of  drops  vita  the  surface; 

-  spreading  and  freezing  of  these  drops. 

4. 1.  Collision  of  drops  with  tne  surface  of  the  flying  body. 

In  the  majority  of  tne  worts,  dedicated  to  questions  of  aircraft 
icing,  instead  of  the  term  tne  collision  of  drops  with  surface  is 
used  term  catching  or  capture/grip  of  drops  by  surface.  Although 
these  terms  are  deprived  of  direct  visual  representation  as  concept 
collision,  in  view  of  their  general/comncn/total  use  and  wide 
acceptance  subsequently  we  will  use  them. 


I 
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The  catching  of  drops  o y  surface  depends  on  the  character  of  it 
aerodynamic  flow,  value  and  direction  of  the  forces,  which  effect  cn 
drops  and  being  determining  tne  trajectories  cf  their  motion  relativ 
to  surface. 


The  trajectories  of  tne  drops,  which  are  contained  in  airflow, 
which  encounters  to  surface,  do  not  coincide  with  the  flow  lines  of 
air,  as  a  result  of  whicn  tne  part  of  drops  (it  recovers  by  it) ,  but 
another  part  passes  it  and  is  taien  away  by  air  flow  (Fig.  4.1). 

Quantitatively  this  pnenomenon  is  characterized  by  the 
interception  coefficient,  wnich  are  the  ratio  of  the  mass  of  water, 
which  contains  in  the  incident  flow,  to  the  mass  of  water,  by  the 
recovered  surface,  in  this  interval  of  tine.  Are  distinguished 
general/conmon/total  and  local  interception  coefficients. 


The  general/conmon/total,  or  integral  interception  coefficient, 
which  relates  to  an  entire  zone  of  catching  Sy«>  is  determined  by  th^ 
relation 


£ 


® Cfflji  1 


(4.  1) 


where  Gya  ~  «  mass  of  the  water,  wnich  caught  into  the  unit  of  length 
(spread/scope  of  surface  1  s> ,  in  &g/s*a; 
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w  -  water  content  water  content  or  clouds  in  kg/a3; 


Cm,,-  thickness  of  midsection  pronle  cross  section  m; 


V0  '  flight  speed  in  m/s. 


Local  interception  coefficient  e  is  analogous  in  sense,  but  it 


is  related  to  the  elementary  section  ds  on  the  surface  of  catchini 


about  the  point  in  question. 


**fc-3*4*»' 


the  trajectory  of  urops. 


-  the  flow  line  of  dir. 


Pig.  4.1.  Catching  of  drops  on  surface.  System  of  coordinate  axes. 
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With  respect  to  the  trajectories  of  the  motion  of  drops 
general/common/total  interception  coefficient  can  he  presented  as  the 
relation 

p  _  (ynepx 

t - cmj> - .  (4.2) 

where  {/mp*  and  </««««  -  coordinates  at  infinity  of  the  trajectories  ct 
drops,  tangents  to  upper  and  rower  surface  respectively. 

Local  interception 

e  - 

where  \,j  -  difference  of  ordinates  at  infinity  of  the  trajectori-s 
of  drops  which  fall  to  upper  and  lower  boundaries  of  the  area/sit-  it. 
question;  AC  -  projection  or  area/site  AS  is  normal  to  flow,  makes  it 
possible  to  also  establ jsh/install  the  zone  of  catching  (SyJ1),  which  is 
area,  prisoner  between  points  on  tae  upper  and  lower  surface,  ir. 
which  occurs  the  contact  or  trajectories  with  the  surface  (see  Fiq. 
4.1).  Zone  and  interception  coefficient  are  the  most  important 


coefficient  also  can  te  presented  as 

<«•» 
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parameters,  which  are  datarmining  intensity  and  ice  hazard. 

Spreading  and  freezing  oi  drops  from  surface  they  are  determined 
by  the  thermodynamic  processes,  wmch  occur  on  surface,  and  first  of 
all  depend  on  the  temperature  or  surface.  If  the  temperature  cf 
surface  is  relatively  bigs  (it  is  close  to  0°C) ,  then  the  drop  of 
water,  after  being  hammereu  against  surface,  communicates  to  it 
certain  energy  content  aua  floatation  of  latent  heat  of  fusion  wit;, 
freezing.  This  leads  tc  tue  fact  tnat  the  drops,  or  are  more  precis- 
a  layer  of  moisture,  they  uu  not  rreeze  immediately,  but  they  spread 
up  to  certain  distance.  Iu  tnis  case  occurs  the  partial  less  cf 
moisture  due  to  evaporation  aua  its  blowing  from  surface  into 
boundary  layer  (Ludlam's  afreet). 

For  the  characteristic  cr  tais  phenomenon  is  introduced  the 
coefficient  of  freezing  |;1.  wuicu  gives  the  relationship/ratic 
between  the  mass  of  ice  G„,  frozen  in  this  section  of  surface,  and 
the  mass  of  the  water,  graspea  in  this  section  per  unit  time,  G>fl: 

•:  _  Jh.  _ _ £d _  (4.  4) 

~  a>n  e  w-V.  AC 

4.2.  Conclusion/output  or  tne  equations  of  motion  of  drop  in  air 


1 


! 

I 


The  majority  of  tas*s  regarding  zones. 


coefficients  and 


other 


iiiuiiiiii 


flow, 


DOC  =  79116305 


PA d£  £ 0  ' 

parameters  of  catching  is  solveu  ny  the  construction  of  the 
trajectories  of  the  moticn  of  uiop  in  air  flow,  which  flows  around 
about  the  body. 

Page  87. 


The  determination  of  trajectories  is  produced  on  the  basis  of 
equations  of  motion  which  iiiu  tne  real  forces,  which  effect  cn 
and  the  inertial  force.  Luring  motion  the  drops  in  air  flow,  if 
disregard/neglect  gravitational  rorce,  t,c  it  acts  only  the 
aerodynamic  force,  equal  to 


dro 


we 


P  —  - 

*  *  2 


cDQ ! ««  ?Fk 


(1.  51 


where  c»  -  a  drag  coefncient  cr  the  drop;  p  -  air  density;  «„  - 
speed  of  drop  relative  tc  taa  air;  F*  -  area  of  the  lateral  surfac 
of  drop. 


According  to  the  seccnd  law  or  dynamics  this  force  can  be  expressed 

through  mass  and  acceleration  of  the  drop 

P,  ■=  mK  aK,  (4.  5a) 

where  mic  -  a  mass  of  the  uroy;  aK  -  acceleration  of  drop  under  th 
action  of  force  PK 


Counting  the  drop  cf  spherical,  this  is  expression,  utilizing 
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radius  (r„)  sad  water  density  (C»)>  it  is  possible  to  convert  as 
follows: 

X  }Vt8.a«  =  T  cdQ  !  UK  |*4nr2  (4.  56) 

or 

=  JL_?5«L'uk|*=  3  _5®S_ i o  —  (4.  5b> 

dt  2  r* 0,  “Kl  2  c k8.  ' 

In  this  expression  the  relative  speed  of  drop  is  represented  as 
modulus  of  a  difference  in  the  vectors:  to  the  speed  of  drop  uK  and 
air  speed  £ 

For  convenience  in  the  calculations  equation  (4.5)  one  should 
lead  to  the  dimensionless  fora.  A  radius  of  drop  and  all  other  linear, 
dimensions  it  is  expedient  to  express  with  respect  to  the  significant 
dimension  of  body  and  L  (chord,  length,  radius,  etc.),  for  which  this 
equation  is  solved  (r  =  C  =  x  =  );  the  speed  of  drop  u»  and  air 

flow  v  can  be  represented  with  respect  to  velocity  of  incident  flew 
V,  :«  =  -pr-;  o  =  Yi'  aa^  tise  t  is  represented  in  the  ferm  of 
dimensionless  tise  t  =  unity  or  which  is  equal  to  the  time, 

necessary  in  order  to  cover  a  distance  of  L  with  a  a  velocity  of  of 

V0- 

Paqe  88. 
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Furthermore,  let  us  introduce  the  following  designations: 


Re,  ~ 


2  #v  V, 


(4.6) 


<J>  =- 


9/.Q 


(4.  7) 


then  by  simple  conversions  equation  (4.5)  it  is  possible  to  lead  tc 
the  form 


</« 

di 


<70  HeK 

24 


where  ReK  -  Reynolds  number  toe  drop 

Re„  =  — *J-“  —  “  ' 


(4.8) 


(4.9) 


The  designations  introduced  aoove  make  specific  physical  sense  and  it 
is  very  convenient  during  calculation,  since  link  the  mode/condi tior.s 
of  flight  with  conditions  icing  and  size/dimension  of  the  body  in 
question  with  the  aid  of  me  dimensionless  parameters.  Parameter  F~n 
represents  Reynolds  number  drop  at  the  relative  speed  of  drop,  equal 
to  velocity  of  incident  flow.  It  cnaracter izes  initial  conditions  and 
does  not  depend  on  the  position  of  drop  in  air  flow  and  on  the  local 
velocity  of  air.  Parameter  which  occasionally  referred  to  as 

dimensional  or  scale  parameter,  characterizes  the  relationship/ratio 
between  the  sizes/dimensions  of  urop  and  the  sizes/dimensions  of 
body.  As  can  be  seen  from  equation  (4.8),  these  parameters  ace 
criterial,  since  for  guaranteeing  the  similarity  of  the  trajectories 
of  the  motion  of  drops  in  geometrically  similar  bodies  and  airflow  it 


DOC  =  79116305 


is  necessary  and  it  suffices  to  ensure  their  constancy. 

c  Re 

The  use/applicaticn  or  co aciaati on is  convenient  tc  those 
that  for  low  ones  Re„  -D0W**  =  1  dependence  cD  —  f  (ReK)  frequently  represent 
in  the  fore  «  =  <p  (ReK). 

Some  authors  [87]  [  89  j  insteaa  of  parameters  indicated  abov?  r<en 
and  if>  utilize  parameter  k ,  =  Re#/^,  which  is  called  the  parameter  of 
inertia,  since  it  to  some  degree  characterizes  the  force  of  inertia 
of  drop.  Dormancy  to  our  opinion,  a  shortcoming  in  this  parameter  in 
the  fact  that  is  lost  the  literal  and  direct  sense,  which  possess 
parameters  Re0  and  y.  Furtnermcre,  it  does  net  eliminate  the  need 
for  the  calculation  of  parameter  Re0,  since,  as  will  be  shown  belov., 
parameter  Re0  necessary  in  the  majority  of  the  cases  for  the 
calculation  of  Reynolds  number  drop. 

Page  89. 


Passing  to  projections  on  axis  of  coordinates  connected  with 
body,  we  will  obtain  the  tunda mental  calculated  equations  of  motion 
of  the  drop: 


dux 

df 

dUy 

df 


24  "  Re,  ( V *  “>)' 

cd  Re*  ,  , 

24  'Rr,  (Vy  ~UJ< 


dfh  _  eg  Re,  t 
dx  24  '  Re, 


(■».  10) 


.  ~ <■ - *-Tiiir  Ilia  nil  -jaififfifl  rWW&r?  - 


DOC  =  79116305  FAUei  9-°' 

These  equations  are  initial  during  the  determination  of  the 
parameters  of  catching,  since  allow  with  one  or  the  other 
precision/accuracy  to  calculate  trajectory  the  motions  of  drop  of  the 
relatively  considered/examineu  ooay.  Between  entering  this  equation 
numbers  ReK  and  Re0  there  is  rale  time  the  relationship/ratio 

Re*  =  Re®  \  (v,  —  «,)*  +  (vy  —  uf  (4.  II) 

which  subsequently  will  ce  rrequeutly  utilized  instead  of  equation 
(4.9)  . 

Of  that  accepted  is  aoova  assumptions  the  drop  of  water  - 
spherical  in  form  and  constant/ invariable  according  to  the 
sizes/dimensions;  gravitational  force  -  is  negligible;  at  the  initial 
moment  of  speed  the  drops  ana  air  -  are  equal,  two  first  during 
calculation  de-icing  systems  practically  always  are  satisfied,  and 
the  third  is  correct,  if  the  spe«d  of  flow  is  much  more  than  the  rat' 
of  an  incidence/drop  in  tne  drop,  which  for  aircraft  also  is 
provided. 

4.3.  the  methods  of  the  solutions  cf  equations  of  motion. 

Although  mathematical  equation  of  motion  of  special  complexity 
do  not  represent,  their  solution  in  practice  is  very  labor-consuming 
and  it  is  usually  connecteu  witn  a  whole  series  of  simplifications. 


DOC  =  79  1 16305 


PAdE 


% 


In  these  equations  enters  a  whole  series  of  components,  which  oft:;, 
cannot  be  represented  in  an  explicit  fore  or  in  the  form  of  th- 
formulas,  suitable  for  further  soxution.  Picst  of  all  this  is  relate! 
to  the  values  of  the  dray  coefficient  cd  and  local  velocity  of  iir 

v. 


Drag  coefficient  cd  usuaiiy  is  taken  according  to  ’  ‘  t  resul*. 
of  the  experimental  investigations  of  the  resistance  of  spheres  [  ■'»  ' 
depending  on  number  Re,  (Pig.  4.x).  For  small  Reynolds  numbers 
(Re*  < 0.5) according  to  the  law  or  Stokes  cDRtJ24  —  i.  Otilizing  this 
relationship/ratio,  was  made  tne  series/row  of  the  trajectory 
calculations  and  parameters  or  catching.  Thus,  for  instance,  L.  M. 
Levin  [31],  examining  a  question  aeout  the  precipitation  of  drops 
from  flow  to  obstruction  unuer  condition  cDRe,/24  =  1,  it  established 
that  the  catching  will  occur  ouiy  an  such  a  case,  when  the  relation 
of  parameters  will  be  more  than  certain  specific  (critical) 

value.  The  value  of  critical  values  (^/Re^<p  for  soma  different 
surfaces  is  given  in  ^Catle  4.  1. 

Page  90. 

Attempting  to  increase  tne  range  of  the  applicability  of 
calculated  formulas,  Serafim  [136]  utilized  the  empirical  depend  >ncv 

cD  ~-jg4l-0.158.Re7). 
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With  the  aid  of  this  relatiouship/ratio  it  derived  the 
series/rcw  of  formulas  tor  tad  catching  of  drops  on  wedge  and  doubl* 
wedge  airfoil  at  supersonic  speeds. 

At  present,  when  tne  solution  of  equations  is  fulfilled  with  th 
aid  of  high  speed  calculators,  drag  coefficient  usually  is  assigned 
in  the  form  of  table  cnRen/24  =  <pjRpJ*  of  datum  in  ^able  3  of 
ap  pli cat  ion/a  ppendi it . 

The  field  of  air  speeus  aocut  the  streamlined  body  is  determined 
either  from  experiments  via  purgings,  or  by  hydrodynamic 
computations. 

The  solution  of  the  equations  of  motion  cf  drop,  if  by  any 
method  they  are  prescrined/assignea  drag  coefficient  cD  and  the 
field  of  velocities  v(  x,  y,  z) ,  is  fulfilled  in  by  the  aid  of 
numerical  methods  in  digital  computers  or  on  analogs. 

One  of  the  first  installations  for  solving  the  task  of  catching 
was  the  mechanical  differential  analyzer  of  Lewis's  laboratory 
(NACA) . 


'im  I'.niHiiwii"  iwaiTiiT  1‘ililir  :-j  •  •  i  i*'  - 
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However, 


calculation  on  mecaanical  analyzer  reaains  very 


la bor-consuning.  For  conducting  cue  calculation  is  continuously 
necessary  the  participation  oi  tvo-three  operators  and  the  cycl 
calculation  occupies  sufficiently  considerable  tine. 
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ca 


Fig.  4.2.  Dependence  of  t tie  drag  coefficient  of  sphere  on  Reynold:;, 
number . 


Page  91. 


For  the  solutions  ct  equations  of  motion  from  the  point  cf  view 
of  the  savings  of  time  is  very  convenient  the  use/application  of 
digital  computers  of  the  type  "Urals",  M-20  and  so  forth,  etc. 
Programming  for  solving  taese  equations  is  not  characterized  ty 
special  complexity  and  can  be  maue  by  the  programmer  of  a verage/mean 
qualification. 


Especially  shoved  veil  itself  the  use  cf  calculators  (for 
solving  the  equations  or  motion  or  drop)  together  with 


am — •  r  - 
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electrohydrodynamic  analogs  (tor  determining  of  velocity  fields  abou 
the  streamlined  body)  [71J. 

The  use/application  ot  eiectrohydrodynamic  analogs  for  the 
calculation  of  air-stream  velocities  is  in  detail  presented  in  fr>5  1 
and  [60];  therefore  let  us  examine  briefly  only  the  essence  ot  this 
method. 

The  analogy  between  the  motion,  for  example,  of  plane-para  11 ' 1 
air  flow  and  electric  current  in  two-dimensional  conducting  medium 
directly  d  is  visible  from  the  comparison  of  their  differential 
equations. 


Por  air  flow.  Por  the  electric  current 
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J,<T  ,  _  A 

ih‘~  '  dy*  ~  ' 


.  _  dU 
*»  ~  dy  ’ 

d*U  ,  <PU  n 
dx *  r  d/  -  U* 


i\  and  v,  -  components  or  tue  velocity  vector  of  air  along  the  axe 
x,  y;  <p  -  hydrodynamic  potential;  ix;  i  -  components  of  the  vector 
of  current  density;  0  -  electric  potential. 


For  guaranteeing  the  similarity  of  the  phenomena  must  be  made 
the  following  conditions;  a)  electric  analog  must  be  geometrically 
similar  to  the  object  or  study;  o)  the  coefficients  of  electrical 
conductivity  in  model  must  ne  proportional  to  the  density  of  air 
flow;  c)  boundary  conditions  tor  model  and  nature  must  be  similar, 
i.e.,  they  are  connected  witn  iinaar  dependence. 


Host  frequently  during  u«  simulation  of  air  flow  are 
encountered  the  boundary  conditions  of  this  fcrm:  dyldn  =  0  and 
*=const.  Condition  dyldn  —  0  is  realized  by  installation  into  the 
electrically  conducting  medium  of  insulator.  In  this  case  the 
electric  current  can  leak  only  along  the  isolated/insulated  section.;- 
This  condition  corresponds  to  tne  flow  of  the  flow  about  the  rigid 
surface  or  to  flow  at  iminite  distance  from  the  streamlined  bcdv. 
The  condition  #=co nst  is  realized  with  the  aid  of  alectric-conduc* i v 


T  •  1  T- 


For  example,  if  the  simulation  of  flow  is  fulfilled  in 
electrolyyic  bath,  then  ror  tne  realization  of  the  first  conditioi 
it  is  established/installed  tne  rnouel  of  the  streamlined  body,  mad: 
from  insulator  (paraffin,  tree/woou,  hardened  paper,  etc.).  Cr.  *h- 
boundaries  of  bath,  perpendicular  to  the  incident  flow,  in 
electrolyte  are  dipped  the  electric-conductive  tires,  which  similar-' 
the  conditions  of  the  uudisturuea  rlow. 


The  measurment  of  voltage  U,  which  simulates  hydrodynamic 
potential  is  produced  witn  tne  aid  of  probe  and  usually  it  is  l-:5. 
to  relative  unity,  i.e,,  tne  measured  local  potential  difference  is 
related  to  a  voltage  drop  across  ousbars/tires.  This  is  convenient  to 
those  that  all  results  cf  measurements  are  obtained  in  portions  frcx 
a  voltage  drop  across  fc usoars/tires  and  depend  either  on  the  ahsolut" 
value  of  this  potential  uitference  or  that  its  changes  (in  small 
limits)  in  resolving  task.  Ine  measurment  of  the  given  voltage  is 
accomplished/realized  witn  the  aid  of  bridge  cr  compensating  diagram. 

Page  93, 

The  components  of  voltage  and  \jy  in  directions  x  and  y  can  be 
most  simply  determined  witn  tne  aiu  of  three-component  tester.  This 


tester  has  three  measuring  prones,  which  give  the  values  of  vcl”  a 
along  the  axes  x  and  y.  Tnen  the  corresponding  components  of  velooi* 
are  approximately  equal  to 


where  A Ut  and  bVt  ~  a  potential  aiiference  alcng  the  axes  x  and  y, 
measured  on  the  tester;  Ax  ana  Ay  -  distance  between  the  measurir.  j 
probes  of  tester. 


Since  distances  Ax  ana  Ay  remain  constant/invariable,  then  for 
calculation  is  necessary  measurement  only  A Ut  and  \Uy.  The  values  of 
measurments  from  tester,  ana  also  coordinates  x  and  y  are  supplied 
into  computer.  In  it  is  prouucea  tne  calculation  in  accordance  with 
the  equations  of  motion  c f  arops  (4.10)  and  are  determined  the 
displacements  of  drop,  it  we  connect  the  tester  of  electrolytic  bath 
with  the  output  of  computer  with  servodrive,  then  the  displacement  o 
tester  over  electrolyyic  oath  will  correspond  to  the  trajectory  or 
the  motion  of  drops.  Fixing/reccramg  this  displacement  on  special 
plane  table  automatically,  we  octain  unknown  trajectory. 


The  precision/accuracy  or  calculations  depends  on  the  error  for 
electrolytic  analoq  and  error  for  the  computing  device/equipment. 


According  to  the  data  of  Abramson  [71],  accumulated  error  does 
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not  exceed  2o/o.  Howevei,  tnese  questions  exceed  the  scope  of  this 
book  and  require  more  detailed  examination. 


The  great  advantage  or  electrolytic  model  is  the  fact  that  it 
makes  it  possible  to  determine  velocity  field  and  to  calculate  thc- 
trajectories  of  drops  accut  the  oouy  of  complex  layout.  This  method 
successfully  can  be  used  for  tne  calculation  both  two-dimensional  and 
three-dimensional  flow,  in  tnis  case  it  is  necessary  only  with 
correspondingly  to  change  tue  deptn  of  bath.  If  we  consider  moi  ^ovv-r 
that  the  required  precision/accuracy  of  calculations  by  the  force  of 
the  made  assumptions  (sphericity  or  drop,  neglect  of  weight,  etc.)  is 
small  and  is  acccmpanieu  uy  usually  experimental  check  under 
conditions  of  icing,  then  this  metaod  must  be  recognized  as  on°  of 
the  most  convenient  methods  tor  tue  calculation  of  the  parameters  of 
the  catching  of  drops. 

4.4.  Determination  of  the  parameters,  which  characterize  the  process 
of  the  catching  of  drops  on  the  nody  surface  cf  the  simplest  form. 


The  methods  examined  amove  or  the  trajectory  calculations  of 
drops  allow  with  one  or  the  ctner  precision/accuracy  to  determine  tir 
following  parameters  of  catcaiag;  interception  coefficients,  ext-r.T 
of  zone  and  mass  flow  rate  of  the  catching  of  water. 
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However,  unwieldiness  ct  calculations  and  absence  of  sufficiently 
precise  initial  information  (especially  about  velocity  field  abou+ 
the  bodies  of  intricate  suape)  led  to  the  fact  that  such  calculation 
were  made  only  for  that  very  limited  in  form  cf  quantity  of  bodies. 


Most  completely  the  calculations  of  zones  and  interception 
coefficients  were  made  tor  circular  cylinders,  ellipsoids  of 
revolution  and  some  proriies/aittoils.  Although  this  information, 
naturally,  do  not  exhaust  all  diverse  cases,  with  which  we  encounter 
during  the  design  of  de-icing  systems,  they  make  it  possible  to  cotc 
to  light/detect/expose  the  genarai  laws,  which  link  the  parameters  c 
catching  with  flight  conditions  ana  meteorological  conditions,  and 
they  give  certain  material  wmch  can  be  used  in  practice. 


Circular  cylinder. 


The  catching  of  drops  uy  circular  cylinders  was  examined  in  th- 
series/row  of  works  [87],  t150]  it  was  initial  stage  durir.  7  th 

solution  of  the  tasks  of  catcning.  The  calculation  of  the  catching  o 
drops  on  circular  cylinder  is  fulfilled  most  simply,  since  the 
velocity  field  in  circular  cyiinuer  in  the  uniform,  potential, 
incompressible  flow  is  described  by  the  sufficiently  simple 
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correlations: 

i  , 

r  ~  (^+7)*  • 

=  ~  (*»  Viy*)‘  •  (4-  ^ 

These  equations  are  analogously  to  equations  (4.10)  given  in  a 
dimensionless  form,  i.e.,  velocity  is  expressed  relative  to  velocity 
of  incident  flow,  and  cccrdinates  are  given  in  the  portions  cf  a 
radius  of  cylinder. 

The  differential  equations  or  motion  of  drops  even  in  this 
simplest  case  can  be  solved  only  with  the  aid  cf  computers.  As  a 
result  of  calculation  are  obtained  trajectory  of  drops  relative  to 
cylinder  as  this  shown  in  Fig.  4.  J. 

Fig.  4.4  shows  the  results  ox  the  calculations  of  the  paraniet  r-rs 
of  catching,  made  by  diftereut  autnors.  The  results  of  these 
calculations  have  certain  disagreement,  which  depends  on  the  m«-thcl 
of  calculation  and  made  assumptions.  In  all  cases  the  calculations 
began  with  the  selection  of  "initial"  conditions.  As  already 
mentioned  higher,  at  "infinite"  distance  from  the  cylinder  of  tha 
speed  of  drops  and  air  now  they  are  accepted  as  identical  on«s.  Th=. 
examination  of  velocity  fields  aoout  cylinder  shows  that  it  remains 
undisturbed  approxima+.ely/exemplarily  at  a  distance  to  five  radii 
from  the  axis/axle  of  cylinder. 


mkiU 
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Noticeable  changes  in  ait  citcuiation  proceed  only  from  x  =  -5  to  the 
surface  of  cylinder;  thererore  with  sufficient  precision/accuracy  i 
is  possible  to  consider  taat  at  a  distance  of  x=-5  of  the  spe-i  of 
drops  and  air  they  drop  and  it  is  respectively  equal  to 

t>,  =  ux  =  V„ 

v„  =  U„  =  0. 

After  breaking  distance  troa  t tie  axis/axle  of  cylinder  to  x--5  to  * 
series/row  of  the  cuts  (tae  more  number  it  is  selected  cuts,  th*  mo 
precise  the  calculation),  oy  numerical  integration  are  solved 
equations  (4.10)  and  are  obtained  the  trajectories  of  motion,  (ipp-i 
trajectory,  tangent  to  cynuaer,  determine  the  maximuni  extent  of  t! 
zone  of  catching  (angle  tor  these  conditions  ($  and  Re0)  .  ?h  • 
drops,  which  move  along  trajectories  arranged/located  lower  than 
tangential  trajectories,  recover  oy  cylinder,  while  the  drops,  whic 
■ove  are  higher  than  this  ot  lines,  they  will  pass  past  it. 

General/comaon/totai  quantities  of  water,  grasped  by  cylinder, 
is  equal  for  a  homogeneous  cloud  tc  the  sum  of  the  drops,  which  li-,-- 
at  band  by  the  width,  equal  to  2y„y.v  since  catching  in  the  3rd 
guadrant  is  analogous  wita  tae  4th  W*y*  *  the  ordinate  of  tangent ia 
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trajectory  at  infinity) .  Therefore  the  interception  coefficient  of 
cylinder  E  which  is  defined,  as  tae  relation  cf  a  quantity  of  water, 
which  caught  into  cylinder,  to  a  total  quantity  of  water  in  the  ba\  1 
of  cloud  by  the  width,  equar  to  the  diaaeter  of  cylinder,  in  this 
case  is  equal  to  2y«y,- 

A  quantity  of  water,  as  tars  rollows  from  (4.1),  recovered  by 
cylinder  per  unit  tine  to  liaear  meter,  is  equal 

0,  =*£>D*Vi»i=2^,-D-VVw  (/e/ceit-M.  (4.  13) 
to  Key:  (1)  .  •m. 


* 


Pig.  4.3.  Catching  of  drops  on  circular  cylinder.  Coordinate 


Key:  (1).  Flow  line  of  air.  .  Tangential  trajectory.  (J)  . 
Intermediate  trajectory.  (4).  Plow. 
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Fig.  4.4.  Interception  ccefr icieut  and  maximum  angle  of  catching  fn- 
circular  cylinder:  o  -  according  to  data  of  Traybus;  A  -  accord  ii;  j 
to  data  of  Bran,  etc. 

Key:  (1) .  rad. 

Page  97. 

Local  interception  coefficient  is  defined  as 

.  _  dy»  ^  Ay, 

E  “  ~  M  ’ 

where  Ay 0  -  distance  at  infinity  between  the  upper  and  lower 
trajectories,  which  fall  to  tne  element/cell  of  surface  AF  selected 
about  the  point  in  question,  and  Ad  the  central  angle  correspond  in g 
to  enu. 


Local  interception  coefficient  for  a  cylinder  depends  on  values 
of  E  and  0>fl  [89]  and  can  be  aeterained  according  to  the  formula 


F 


.1 

■l 


c 

«y.i 


•K*  ) 


(  i.  i  n 


The  data  Given  above  show  that  a  change  in  the  water  density  ar. 
air  (for  heights/altitudes  to  lUUOb  m)  and  temperatures  (in  usual 
range)  affects  the  interception  coefficients  and  extent  of  the  zor.f 
of  catching  to  a  lesser  degree  than  dimensions  cf  drops,  speed  of 
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flow  and  size/dimension  o r  cynnuar.  Coefficient  and  zone  of  catching 
increase  with  an  increase  in  tne  size/dimension  of  drops  and  sp  =  -:d  oi 
flow,  since  increase  inertial  rorces,  and  a  change  in  the  trajectoLy 
occurs  in  snaller  aeasure.  An  increase  in  the  size/dimension  ct 
cylinder  leads  to  the  decrease  or  the  parameters  indicated,  sinc  = 
increases  the  absolute  size/dimension  of  distance  on  which  begins  to 
diverge  the  flow  line  cf  air,  ana  this  leads  to  the  fact  that  at  t 
sane  values  of  speed  and  with  size/di  me nsion  cf  drop  the  resisting 
force  acts  on  drop  larger  time  and  it  more  strongly  bends  its 
trajectory. 

As  can  be  seen  from  formula  44.14),  local  interception 
coefficient  has  great  value  at  the  critical  feint  of  cylinder  0  =  0  and 
it  is  numerically  equal  to 

*■“  =:"2"e^ ;  * 

If  e  ~  I,  the  this  means  that  the  intensity  of  catching  at  the 
particular  point  is  maximally  possible  for  these  conditions  of  icir.  3, 
i.e.,  all  drops,  which  are  contained  in  air  flow,  in  the  vicinities 
of  this  point  they  reccver  on  surface. 

Ellipsoid  of  revolution. 

The  catching  of  drops  in  tne  surface  of  ellipsoids  of  revoluticr 
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is  of  large  interest  on  the  strength  of  the  fact  that  a  considera.i  1  > 
nuaber  of  different  elements/ceiis  of  the  flight  vehicles  (begir.nir.  j 
with  the  forward  fuselage  and  terminating  with  different  suspnsiori) 
it  can  be  in  the  first  approximation,  represented  in  the  form  of 
ellipsoids  of  revolution,  interest  in  the  sizes/diaensions  of  ic- 
formation  on  these  elements/ceiis  is  determined  by  the  fact  that 
frequently  in  the  nose  tarts  or  tue  fuselage  it  is  arranged/icoatcd 
the  antenna  and  other  el^ments/caiis  of  radar  equipment  or  guidanc- 
equipment  whose  work  deteriorates,  if  on  the  surface  cf  nose  tail  ini 
is  formed  a  layer  of  ice. 


( 


j 

♦ 


Pa qe  98. 


\ 


>  I 


Bringing  these  elements/ceiis  whose  form  is  vary  different,  to 
ellipsoid  is  convenient  to  those  tnat  for  ellipsoids  of  revolution 
are  known  the  equations  cr  the  tiow  of  their  incompressible  peter. -rui 
flow  thanks  to  which  the  determination  of  the  parameters  of  i c i r. a  i  - 
reduced  to  the  direct  trajectory  calculation  of  the  motion  of  drops 
by  integrating  equations  (4.10).  Since  the  ellipsoid  flow  of  rotation 
of  the  flow,  directed  along  principal  axis/axle,  is  axisy mmetrie,  th~ 
motion  of  drops  can  be  examinee  oniy  in  one  meridional  plane  in  tto 
system  of  coordinates  z  and  r  (Pi*.  9.5),  equations  of  motion  in 
which  (in  dimensionless  form)  taxe  the  form 


I 

! 
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(V,  —  «,). 


(4.  15) 


where  and  -  speeds  or  drops  along  the  axes  z  and  r;  a,  and 
u,  -  air  speed  along  tnis  same  axas/axles. 


Is  significant  dimension  is  taxen  the  transverse. 
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Fig.  4.5.  Catching  of  drops  on  ellipsoid  of  revolution.  Coordinai 


axes. 


Key:  (1).  Trajectory  of  drop. 


Page  99. 


The  coaponents  of  the  airspeed  at  any  pcint  of  flow  with 
coordinates  z  and  r  are  egual  tc 

,  1  .  r  M  r.V  -V  e3  1,1  ,  1  ,1  /.  ,c  v 

f,  V M  :  v  N  -  f,  2  I  y  H  V  At  I  ’ 


_  r_  cr  J _ 1_  j 

Cr'  1VI  K.V  j 


--■j  >  (4.  166) 


'd-r*  1  VMV\  -~ 
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e,  -  eccentricity  of  tne  eixrpse,  which  lies  at  meridional  plane. 

The  procedure  of  the  trajectory  calculation  of  the  motion  of 
drops  and  determination  cr  tne  parameters  of  the  icing  of  ellipsoids 
is  completely  analogous  to  tne  procedure  of  calculation  of  catchino 
on  circular  cylinder.  Dirr ar entral  equations  (4.15)  also  are  solved 
with  the  aid  of  digital  computers  or  with  the  aid  of  the  differenrial 
analyzers. 

Are  given  below  the  results  or  the  calculations,  made  with  th- 
aid  of  the  differential  analyzers  ror  ellipsoids  of  revolution  with  a 
thickness  ratio  of  10  ana  E0o/o,  during  the  flew  of  their  air  flow, 
directed  along  principal  axis/axle  [88], 

Maximum  extent  tne  zones  of  the  catching  of  drops  over  the 

surface  of  ellipsoid  of  revolution  and  according  to  interception 
coefficient  (E)  are  represented  in  Fig.  4.6  and  4.7  depending  on 

parameters  H>  and  Re0. 
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The  effect  of  the  runaameutai  characteristics  of  the  flight 
conditions  (speed  and  heignt/aititude )  and  size/dimension  of  drops  to 
these  parameters  let  us  examine  nased  on  specific  example.  Let  us 
determine  zone  and  interception  coefficient  fcr  a  1 Oo/o  ellipsoid  in 
flight  in  a  velocity  of  3o0  km/u  at  the  height/altitude  of  1000  m  in 
the  cloud,  which  is  of  the  crops  with  a  diameter  of  20  m«  The 
semimajor  axis  of  ellipscic  is  egual  to  1  m.  In  this  case  of  Re0=124; 
^  -  1 000  and  —  n  M  (see  fig.  4. on),  and  E=0.39  (see  Fig.  4.6a).  aith 
an  increase  in  the  speed  to  500  xa/h  (Reo=180)  ,  =  0,14,  and  E  =  0.  42. 

With  an  increase  in  altituue  to  7000  m  at  speed  360  km/h  (Re0=79) 
they  will  be  respectively  eguai  to  0.08  and  0.35.  If  flight  occurred 
of  the  cloud,  which  is  ct  tne  crops  with  a  diameter  of  40  m,  then  fcr 
the  height/altitude  of  1000  a  and  velocity  360  km/h  (Re0=258; 
tp  =  500)  SVJ1  -  0,25  and  E=0.  fa 2. 

There  is  a  definite  interest  m  the  examination  of  the  icing  or 
ellipsoids  of  revolution  in  tne  presence  on  the  surface  of  the 
so-called  "shaded  zones"  (Fig.  4.8).  This  zone  is  limited  on  the  or,  ’ 
hand  to  the  surface  of  ellipsoid  from  the  end/lead  of  the  zone  of 
catching  along  flow,  but  trt/a  otner  side  by  the  trajectories  cf 
drops,  very  close  to  tangential  trajectories,  but  no  longer  recover-;  ; 
by  ellipsoid. 
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Within  this  zone  the  drc^s  are  aosent,  and  it  means,  icing  does  not 
occur,  then  on  the  boundary  or  tne  "shaded  zone"  is  observed  th° 
local  increase  (2-4  times)  iu  toe  concentration  of  water  s, 

connected  with  the  "condensation"  of  their  trajectories. 
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This  phenomenon  lust  od  considered,  in  the  first  place,  when 
selecting  of  the  site  c t  installation  of  ice-indicating  equipment  ci. 
board  aircraft,  for  whicn  it  is  accessary  to  ascertain  that  it  does 
not  fall  into  the  "shaded  zone",  is  otherwise  knowingly  unavcidabl- 
its  ineffective  work;  in  or  tne  second,  daring  the 
arrangement/positi cn  diiierent  external  installations;  antennas, 
branch  connections,  sensors,  ate.,  since  on  the  boundary  of  the 
"shaded  zone"  in  places  witu  tna  increased  concentration  of  drops 
they  will  undergo  interns  icing,  wnich  can  bring  abcut  a 
deterioration  in  their  wer*  or  tneir  even  mechanical  damages. 


. '  . 
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Fig.  4.8. 
revolution 

Key:  (1). 


Trajectory  of  drops  ana  shaded  zone  in  ellipsoid  of 


Flow  lines.  (^) .  Trajectories  of  drops.  (3).  Shaded  zone 
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conditions  of  icing  (He0  from  a  to  1  8192)  for  ellipsoids  of 
revolution  with  a  thickness  ratio  of  10  and  20o/o  are  given  in  Fig. 
4.9  and  4.10  [88],  Theso  data  can  oe  used  when  the  design  of  de-ici 
systems  or  selecting  of  toe  sxta  or  installation  of  signal  of  icing 
on  forepart/nose  aircraft  components  or  ether  elements  of  structure 
close  in  form  to  ellipsoids  or  revolution. 

4.5.  Calculation  of  the  zones  or  catching  on  wing  profiles/airfoils 

In  principle  the  craer  i  or  rue  calculation  of  the  zones  of 
catching  on  wing  prof i les/airroils  does  not  differ  from  the 
calculation  methods  examined  earlier  for  circular  cylinders  cr 
ellipscids  1  of  rotation,  on  i  to  the  basis  of  that  determined 
according  to  purgings  in  aerouynamic  ones  tc  tubes  or  according  to 
velocity  field  calculations  or  air  flow,  which  flows  around  about  t 
profile/airfoil,  by  numerical  integration  are  determined  the 
trajectories  of  the  drops  of  water,  then  frea  them  are  defined  the 
zones  of  catching  on  prcfne/airfoil  during  the  flight  conditions  i 
guestion,  genera 1/common/totai  and  local  coefficients  of  catching  a 
so  forth,  etc.  At  the  same  time  calculation  fer  wing 
profiles/airfoils  consiaerany  oecomes  complicated  because  the 
velocity  field  of  air  flew,  as  a  rule,  it  is  not  known. 
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Fig.  4.  10.  Thickness  of  tne  sanded  zone  on  lOo/o  ellipsoid  of 
revolution  (in  fractions  large  semi-axis)  :  a)  Re0=8;  b)  Re0=i28;  c) 
Re 0-152;  d)  Reo=1024;  e)  ae0=4U9o;  f)  Re0=8192. 
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While  conducting  of  the  wind-tunnel  tests  are  usually  limited  to 
construction  the  diagrams/curves  of  pressures  on  profile,  which  mak^; 
it  possible  to  determine  local  velocities  cn  profile/airfoil,  but  it 
is  insufficient  for  determining  tne  speeds  in  air  flow  before  it, 
which  us  interests  to  considerably  larger  degree.  Is  sufficiertly 
accurate  velocity  field  known  only  for  some  types  of  the 


DOC  *  79116305 


F  A  lit 


profiles/airfoils:  the  Zhunovsitiy  profile,  soiie  prof iles/air fcil s 
NACA,  for  which  were  made  by  a  number  of  the  authors  "precise" 
calculations  of  the  parameters  or  catching  [36],  [81]. 

The  results  of  these  calculations  for  convenience  in  their  ur>- 
in  practice  are  rebuilt  in  me  term  of  graphs  and  are  given  in  Fig. 
1-4  applications/appendices.  These  data  can  be  directly  used  durin  ] 
calculations  for  the  one-type  proriles/air foils  or  for 
profiles/airfoils,  close  m  xneii  aerodynamic  characteristics,  and  in 
the  first  approximation,  ana  ror  rue  profiles/airfoils  of  other  types 
with  estimate  calculations.  In  tms  case  also  one  should  attempt  to 
fit  the  cases,  close  frcm  me  point  of  view  of  aerodynamic  flew 
pattern.  During  this  selection  as  reference  point  for  a  comparison  it 
is  possible  to  accept  coincidence  cr  proximity  of  the  d iagra ms/cu r v 
of  pressure  on  the  ccmpatsa  protiies/air foils. 

Tor  the  short-cut  calculation  of  the  zones  of  catching  and 
interception  coefficients  oergrau  proposed  semi-empirical  method 
[81],  special  feature/peculianty  which  is  the  fact  that  it  is 
produced  on  the  basis  ociy  or  the  rorm  of  profile/airfoil  and 
distribution  of  local  velocities  according  to  its  surface,  i.e.,  oi, 
the  base  of  those  data  which  usually  are  as  a  result  of  the 
wind-tunnel  tests. 
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Calculation  according  to  this  method  is  produced  in  reverse- 
order,  i.e.,  after  assigning  tne  position  of  any  point  on 
profile/airfoil  are  determined  tne  conditions  under  which  it  will  b 
the  boundary  of  the  zone  ot  catcumg,  or,  to  in  other  words  are- 
determined  the  conditions,  under  wnich  the  trajectory  of  the  motion 
of  drop,  which  passes  through  this  point,  will  be  tangential  to 
surface. 

As  it  was  shown  above,  trajectories  of  the  motion  of  drops  in 
general  form  depend  on  rhe  reiationship/ratio  of  two  parameters 
and  characterizing  the  conditions  of  icing  and  flight  conditions; 

however,  to  each  point  cf  surrace  correspond  irany  combinations  t 
and  Re0.  Therefore  one  ci  tae*  lust  be  accept  or  it  is  determined  by 
any  method,  then  second  is  possible  to  find  by  the  aid  of  equations 
of  motion.  It  is  usually  more  convenient  to  be  assigned  by  number 
Re0,  then  from  equations  (4.  lu;  we  obtain 

.  _  a K  R«, 


where 


(4.17) 


!i 
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This  celationship/ratio  is  correct  for  any  point  in  the  trajectory 
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the  ootion  of  drop,  and  it  means,  can  be  examined  1,  also,  at  the 
points,  which  correspond  to  the  contact  of  trajectory  with  surf.ii>-. 
Thus,  for  any  point  cn  profile/ air  toil  and  datum  Re0  it  is  nece.ssai 
to  know  how  to  determine  values  gj-K-  .  -g^5-  and  a*  or  more  precise 
“a  and  r,-„.  since  is  function  ReK. 

04  R 

n. 

Relation  -gj*-  is  determined  approximately  from  the  hodographs  c 
the  speeds  of  drops  and  air  in  protile/airfoil.  Examining  the 
hodographs  of  the  air  speeds  ana  drops  on  Zhukovskiy  profiles, 
Vergran  noticed,  which  independent  of  values  $  and  Re0  between  th 
is  maintained/withstcod  tne  surriciently  specific  relationship.  ? i  j 
4.11  shows  a  typical  exauipie  or  tne  hodographs  cf  the  air  speeds  a: 
drops  for  a  Zhukovskiy  proriie.  As  is  evident,  the  hodographs  of  th 
speeds  of  drops  and  air  have  the  common  point  u=v=0,  the  hodoqraph 
drops  for  upper  and  lower  surraces  passes  thrcuqh  pcint  — ccs  a  * 
ut  =  slna,  which  corresponds  to  tne  contact  of  trajectories  at  the 
point  of  maximum  thickness  (in  miasection) ,  when  tangential 
trajectories  are  straignt  lines  and  coincide  in  the  direction  with 


the  incident  flow 


Pig.  4.11.  Typical  hodcgtapns  oi  speeds  <«r:  u„)  of  drops,  moving  along 
tangential  trajectories,  ana  air  speeds  (v„:  vy)  on  Zhukovskiy  profile. 

Page  106. 

Furthermore,  the  maximuB  vaxu«  ot  the  vertical  component  of  the 
of  drop  u^n,,,  occurs  at  the  same  point  of  the  surface  of  the 
profile/airfoil  where  attains  Maximum  the  vertical  component  of  air 
speed  vy or  it  is  close  to  it,  i.e.,  values  and  v„ lie/r«st 

on  one  straight  line,  passing  through  the  origin  of  coordinates. 

The  hodogiaph  of  ait  speed  easily  can  be  constructed,  if  is 


I 
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Tr* 

known  the  value  of  local  velocities  on  prof ile/airf oil  and  its  fora.. 
The  hodograph  of  the  speeds  or  drops  is  constructed  approximately  on 
characteristic  points  indicated  aucve.  Two  of  them  (point  u=0  and  v=C 
and  u,  cos  a;  -  sin  a)  are  determinea  directly  from  physical  flew 

pattern,  the  third  (point  uy  mJS)  is  determined  in  a  following  manner. 

As  already  mentioned  higher,  the  position  of  points  un  nlii \  and  max  Cfi 
profile/airfoil,  but  it  means,  aisc  direction  of  the  vectors  of  these 
speeds  coincides.  Examining  tn <=  noaographs  of  the  air  speeds  and 
drops  in  Zhukovskiy  prerixes,  nergran  established  that  there  is  a 
certain  dependence  between  their  values.  This  dependence  in  the  fori 
of  the  relationship/ratic  oetweeu  v., roa,  —  uy maN  and  vy„m  is  represented 
in  Fig.  4.12  with  aid  ol  wmch  is  located  third  point  necessary  for 
the  construction  of  hodeyraph. 


The  approximate  construction  of  the  hodograph  of  the  speeds  cf 
drop  is  fulfilled  as  follows  (Fig.  4.13) .  On  the  hodograph  of  air 
speed  is  noted  point  which  is  connected  by  straight  line  since 

the  origin  of  the  coordinates,  with  the  aid  of  value  ^ynm  —  of 

that  undertaken  with  Fiy.  4.  lx,  is  plotted/deposited  value  and 

is  determined  •  in  toe  first  approximation,  for  the  remaining 

points  of  profile/airfoii  it  is  accepted  that 


Nck 

We, 


(4.  18) 


Hith  the  aid  of  this  relationsmp/rat io  is  constructed  the  curve  A 
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(see  Fig-  4.13)  of  the  tarst  approximation  of  hodograph.  This 
usually  does  not  run  thrcugn  point  a,  -cosa;  uy  since,  which  is  * 
third  necessary  point  or  tue  nouo^raph  of  the  speed  of  drop. 


Fig.  4.  12.  Dependence  between  the  naximum  vertical  air  speed  n«  and 
a  difference  in  the  air  speeds  ana  drop. 

Page  107. 

For  eliminating  this  shortcoming  from  point  u.<  cos  a;  uy  since'  is 
carried  out  the  curve  B,  tangentiai  to  by  the  curve  A,  and  as  a 
result  is  obtained  the  “tinai"  ucaograph  of  the  speed  of  drop. 

Error  which  is  obtained  during  this  approximate  construction  of 
the  hodograph  of  the  speeds  of  drop,  according  to  Bergran's  data, 
does  not  exceed  10-15o/o. 

After  constructing  thus  the  hodographs  of  speeds  for  each  point 
of  profile/airfoil,  is  determined  value  Re*/Re#,  necessary  for 
determination  ^  from  formula  (u.17).  entering  this  formula  valu- 
a*  is  computed  according  to  the  empirical  dependence 


4m 
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Page  108. 

Entering  into  these  equatrous  tne  gradients  of  velocity  dv/us  a r d 
dvjdS  easily  can  be  obtained  uiiectly  by  construction  v=f(S)  or 
vt  <r(S)  depending  on  distance  rrom  profile/airfoil  S  and  by 
determination  of  the  tangent  or  tne  inclinaticn/slope  of  this  rurv 
at  the  point  in  question. 

Since  previously  it  cannot  oe  determined,  which  of  formulas 
(4.19)  or  (4.20)  gives  more  exact  solution,  then  for  a  contrcl/chec k 
it  is  necessary  to  utilize  tne  tact  that  aH  0  at  the  points  at  which 
the  straight  lines,  parallel  to  tne  incident  flow,  concern  upper  a:i  i 
lower,  surface  of  prof ile/airf oil.  For  calculation  should  be  utilized 
that  of  these  formulas,  that  more  accurately  satisfies  this 
condition. 

After  determining  thus  value  on  the  basis  of  the  surface  of 
profile/airfoil,  they  isolate  tne  region  of  catching,  i.e.,  that  parr 
of  the  profile/airfoil  on  wmen  taese  values  satisfy  the> 
prescribed/assigned  conmtiona  on  flight  conditions  and  the 


i 

» 
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sizes/dimensions  of  cloua 

For  the  very  small/ tine  drops  whose  catching  occurs  only  in  th 
vicinities  of  critical  feint,  as  this  has  already  been  noted  earl'*; 
there  exists  specific  value  ^p.  beginning  with  which  drop  not  at  all 
they  fall  to  prof  ile/a  irfon,  out  they  are  taken  away  by  flow.  For 
the  vicinities  of  critical  point  value  tfvp  can  be  determined  by  the 
formula 

4Re»  ('-%-)  p.  (4.-21) 

where  (-jg-)  represents  speed  cnauge  along  flow  line  near  the 
stagnant  point  whose  values  rot  Zhukovskiy  prefiles  are  represented 
in  Fig.  4.14.  These  graphs  can  ue  used  for  the  calculation  of  the 
minimum  possible  (EsO)  catching  or  drops  only  in  the  vicinities  of 
critical  point. 

Interception  coefficient  as  uistance  ratio  between  tangential 
trajectories  at  infinity  to  tae  distance  between  points  of  contact 
tangency  on  the  surface  of  prof ile/airf oil  ^y»'Sy,  can  be 
approximately  calculated,  assuming  that  it  linearly  depends  on  ^ 
with  the  permanent  number  He0. 
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Pig.  4.  14.  Dependence  cz  tne  gradient  of  velocity  alcr.g 

staqnant  flov  line  for  a  ^uuKovsiuy  profile. 

The  data  given  above  for  Ihuxovskxy  profiles  show  that  this 
assumption  corresponds  to  reality  in  the  range  of  the  values  of 

interception  coefficients  iron  d  to  0.8.  Thus,  for  any  value  of  i<e„ 

easily  can  be  constructed  linear  dependence  \y„  \y,  on  parameter 
if  are  known  any  their  two  values. 

One  of  these  values  easily  is  determined  from  the  presence  of 
maximum  $„p,  with  which  E-0.  Tne  second  value  is  determined  as  follow 

On  the  base  of  the  calculation  or  the  zones  of  catching  A\.,  Re0) 

are  constructed  dependences  S  =  g  ($)  with  E)e0=const  (Pig.  4.15a) 
which  then  are  reconstructed  dependence  \y,  —  q-  (f)  (see  Pig.  4.151). 
Value  A y,  for  each  value  ci  s  is  taken  from  the  diaqr ams/cur ves  cf 
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profile/airfoil.  Then  on  Fig.  u.  16,  in  which  is  represented 
dependence  Ay,/'C,nax  on  angle  of  attack  a  for  0.8  in  Zhukovskiy 

profile,  is  determined  \y,'  for  tout  exanined/considered  a,  ana  from 
it  on  Fig.  4.  15b  is  found  value  i)\  corresponding  ^yj\y,  —  0,8  in  our 
specific  case. 

FOOTNOTE  ».  In  chord.  E hDFOOTN 0  It. 

This  value  is  the  secona  vaiuts,  necessary  for  plotting  of  linear 
dependence  Sy<J\y,  on  i|>  witn  Ke„=const  (see  Fig.  4.15c). 


i 

I 
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Fig.  4.15.  Approximate  determination  of  interception  coefficient  E 
(according  to  Bergran's  metnod)  . 


Page  110. 


The  general/common/total  interception  coefficient  E  of 
relatively  maximum  profile  thickness  CUIJJt  is  determined  vith  the  aid 


of  the  relationship/ratic 

p  _  Ay,  ay, 

c  Ay,  C™,  * 


(4-22) 


and  then  also  it  is  represented  in  the  form  of  curve  £-£($)  with 
Fe0=const  (see  Fig.  4.  Ibd). 


If  is  of  interest  distrmution  according  to  the  zone  of  the 
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catching  of  local  interception  coetficient,  then  estimate  calculation 
can  be  oade  graphically  by  successive  approximations  as  follows. 


First  is  located  tne  fora  or  distribution,  which  corresponds  to 
the  maximum  catching  of  drops,  i.e. ,  to  case  <t>  -  0.  is  determined  it 
graphically  very  simply,  since  waen  =  0  the  trajectories  of  drops 
will  be  straight  lines,  paraileu.  to  the  incident  flow.  Therefore  for 
the  determination  of  limiting  distribution  it  suffices  to  conduct  t:n 
series/row  of  straight  lines,  parallel  to  the  incident  flow,  and  to 
take  ratio  dy0/ds  on  the  auct/contour  of  prof ile/air foil.  Then  for 
those  found  earlier  of  tne  zone  or  catching  and  general/common/total 
coefficient  is  accepted  tne  linear  distribution  of  drops,  rn  this 
case  the  distribution  or  local  coefficients  represents  the  triangle 
whose  base/root  is  equal  to  tne  zone  of  catching,  and  maximum  valu.- 

*max  at  apex/vertex  at  stagnant  point  is  equal 

.  (4.  23) 

*»y/i 

After  this  trianqular  diatrinution  is  modified  in  accordance 
with  limiting  curve  if  -  o  in  aucn  a  way  that  all  values  e  would 
lie/test  within  limiting  curve,  and  the  area  of  distribution  was 
equal  to  the  area  of  triangular  distribution. 


Fig.  4.17  shows  the  sequence  of  the  approximate  construction  of 
the  distribution  of  local  interception  coefficients  by  graphic 
method.  Dotted  line  plottea/appiied  the  limiting  curve  of  th«= 


ismcw:  .  hfer./--  i, 
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distribution  (method  of  its  determination  is  shown  in  Fig.  4.17a), 
dot-dash  line  gave  triangular  uistr ibution,  and  the  final  result  cf 
the  approximate  distribution  or  local  interception  coefficients  is 
shown  by  solid  line.  In  tais  case  are  possible  two  versions, 
difference  in  which  is  clear  rrom  the  figure  (see  Fig.  4.17b)  and  it 
does  not  require  special  explanation.  This  construction  is  repeated 
for  several  numbers  Re0.  For  a  comparison  Fig.  4.17c  gives 
distributing  the  local  interception  coefficients  for  prof ile/air f oi  1 
NACA652-0^15.  As  is  eviuent,  tu  =  qualitative  character  of  the  local 
distribution  of  catching,  ootained  to  approximation/approach 
graphically  and  "by  accurately"  calculation,  it  is  very  close. 


Mete  tiLii 
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Key:  (1).  version.  (2).  Loner  surtace.  (3).  Upper  surface. 

Page  112. 

The  method  of  approximate  computation  examined  above  gives  jooi 
results  for  prof iles/aitroils,  ciose  to  Zhukovskiy  profile,  since  *  h 
majority  of  empirical  and  semi-empirical  relaticnships/ratios  ace 
derived  on  his  base.  It  is  inteuaeu  in  essence  for  "thick" 
profiles/airfoils  (in  tnicxness  ratio  12-15o/c),  for  the 
profiles/airfoils  of  small  tmcxness  (5-6o/o)  used  it  should  be  with 
large  precaution.  Error  during  calculation  by  this  method  in 
comparison  with  "precise"  calculations  in  calculators  is 
approximately  15o/o,  the  error  in  determination  ReK/Refl  and  aK  to 
♦_10o/o  leading  to  the  error  m  zone  and  interception  coefficients  're 
2-  3 o/o. 

Another  method  which  can  oe  related  to  the  approximation  methods 
of  calculation,  is  the  metnod,  oased  on  that,  that  even  so  the 
trajectory  calculation  ana  otuer  parameters  of  catching  is  produced 
completely,  but  velocity  rield  about  the  arbitrary  profile/airfoil  ir 
question  is  accepted  as  analogous  velocity  field  about  Zhukovskiy 
profile.  Thus,  the  trajectories  or  drops,  designed  for  a  Zhukovskiy 


- 
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profile  during  identical  moues/conaition s  and  under  meteorological 
conditions,  are  transferred  to  arbitrary  profile/airfoil.  The 
definition  of  the  zones  or  catcnrag,  interception  coefficients  and 
other  parameters  in  known  trajectories  is  produced  by  the  usual 
examined  above  methods. 

It  is  necessary  to  say  taac  tne  replacement  arbitrary  not  or.lv 
of  the  profiles/airfoils,  out  also  other  elements  of 
const ruct ion/design  (for  example,  the  jaws  of  air  intakes)  by 
Zhukovskiy  profile  for  cLtarniiig  tne  trajectories  of  the  motion  of 
drops  is  applied  fairly  often.  Ine  error  in  calculations,  obtaine  i 
during  this  replacement,  as  a  rule,  not  on  much  exceeds  error  durir 
the  "precise"  solution  ana  rrc^uently  it  can  be  permitted  during 
designing  calculation. 

Example  of  4.1.  Let  us  conuuct  calculation  according  to  B«r-jr^ 
process  of  the  sizes/diaensroas  or  zone  and  interception  coefficien 
on  profile/airfoil  NACA-Gdlz. 

Initial  data. 

Plight  speed  on  Vo=150  a/s. 

Plight  altitude  on  H=1000  m. 
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Size/dimension  of  drops  i<>  m  =  10»10— *  n. 

Size/dimension  of  chore  at. 

Angle  of  attack  of  a=o°. 

The  diagrams/curves  or  prorrie/airf oil  and  distribution  or 
pressures  on  it  are  shonn  ra  Fry.  4.18a,  b. 

Calculation  of  the  zone  of  catcning. 

1)  On  the  base  of  the  dray raai/curve  of  pressures  w*r  compute 
local  relative  air  speeds 

:  }■  \  i  -P 

and  ve  construct  their  distribution  according  to  the  pr of lle/aii f oi 1 
(see  Pig.  4.1 8c) . 


•»;. "  rj,  '  ■***  ' 
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Fig.  4.18.  Calculation  or  zone  ana  interception  coefficient  in 
Bergran's  method  for  a  p .rotiie/air  foil  UASA-0012,  <x=6°. 

Key:  (1).  Upper  surface.  (2).  rower  surface.  (3).  see  Fig.  4.12.  (4)  . 

according  to  formula.  (5).  limit  points  with  Fig.  4.18a. 

Page  113. 

Then  we  construct  on  the  aragraa/curve  of  profile/airfoil  the  curve 
S=f (  x)  (see  Fig.  4.18d)  ana  curve  of  surface  slope  to  axis/axle  ( 
x)  (see  Fig.  4.  IBe)  . 

2)  Utilizing  Fig.  4.16c  ana  4.18e,  we  construct  the  hodograph  of 
air  speed,  the  curve  A  (see  Fig.  4. 18f) .  Me  construct  in  the  first 
approximation,  the  hodoyrapn  or  tne  speed  of  drops  in  surface,  on  th- 
basis  of  the  hodograph  cf  air  speed  and  utilizing  Fig.  4. 12  and 
equation  (4.18),  the  curve  t>.  Taking  into  account  that  the  hodograph 
of  the  speed  of  drops  must  pass  through  points  «*  -  cosa;  utJ  ~  sin-*,  we 
construct  the  second  approximation/approach  of  hodograph,  the  curve 
C. 


He  compute  according  to  tormina  (4,6)  Reynolds  number  o  i  s m  < 
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Me  deter  nine  on  prcfiie/uirtoil  the  limit  points  of  catching, 
which  correspond  to  the  motion  cr  drops  along  straight  paths  wher. 
it  (see  Fig.  4.  1 8a) . 

Using  to  equations  ana  (4.20),  we  calculate  a  value  i 

the  series/row  of  the  points  of  profile/airfoil.  Values  dv/ds  and 
dv,/js  we  define  as  relations  nv/AS  and  on  figures  4.  Uid  an 

4. 18f. 


He  plot  a  curve  aK  =  f (x)  foe  an  upper  and  lower  surface, 
throwing/rejecting  the  clearly  dropping  out  values,  obtained  dnrin  j 
the  calculation  (see  Fig.  4. lag)  . 

3)  He  compute  for  ditferent  points  of  the  profile/airfoil  of  tli 

value  of  scale  factor  ♦=■/(*)  in  equation  (4.17).  Values  Re/Re.io,,  ard 
c  Re 

necessary  for  calculation  are  taken  with  Fig.  4.  18f;  4.  18a, 
also,  from  table  3  of  application/appendix,  respectively.  The  result 
of  calculations  we  represent  grapaically  in  the  form  of  dependence 
«(  =  /(♦)  for  the  prescriced/assigneu  value  of  Beo  =  200  (see  Fig. 

4.  1 8h )  • 


He  compute  according  to  formula  (4.7)  value  t.  corresponding  to 


DOC  =  79116306 


PAd£  xrpfc  3 


the  conditions  of  our  task  : 

0  Ml  :i 

,f  1  iu.«T.rirr-i  - 

For  it  on  Fig.  4.18h  we  determine  the  zone  of  catching  along 
profile/airfoil  »»»*«■'  n«px  =  0.85% . 

Calculation  of  interception  coer ticient . 


Utilizing  Fig.  4.  1ah  ana  4.1tia,  we  construct  dependence  w  /  w 
(see  Fig.  4.18i)  we  determine  value  which  corresponds  to  ratio 
Ayo/Ay=0.8.  For  this  of  tig.  4.  1o  tor  a  =  6°  we  find  appropriate  valur 
=  0,8.  whence  Ay,  =  0,8-C„ux  ■-=  0,8- 12  =  9.6%  (in  chord).  Furthermore,  we 
calculate  a  value  according  to  equation  (4.21),  appropriate 
\  Vy'), “■ u'  Value  ^  determine  froa  Fig.  4.l4t 

v's  =  52;  9>Kp  -=  4-200-52  42  600. 

On  these  two  points  we  construct  linear  dependence  y  on 

uodulus/module  v  (see  fig.  4.18}). 


«e  calculate  a  value  geneiai/comaon/total  interception 
coefficient  fc  construct  dependence  £  =  f  (♦)  (see 

A  \  / 1  '-max 

Values  and  Ay,  necessary  for  calculation  are  ta*~n 


coetncient  i 
Fig.  4.  18^. 


from  Fig.  4.  1 8 j  and  4.  loi. 


For  task  (♦ --  3000)  £=*9%.  in  guestion 
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4,6.  Catching  of  drops  ay  t he  sweptback  wings. 

During  the  calculation  01  tne  aerodynamic  parameters  of 
sweptback  wings  [98]  velocity  of  incident  flow  V0  they  usually  expani 
to  two  components:  the  parallel  to  leading  wing  edge  \  ,„  and 
perpendicular  to  it  Component  V'0,  -  l  „  sin  x  during  the  flow  around 
of  the  wing  of  nonvisccus  yas  does  not  depend  on  a  change  in  the 
pressures  and  speeds  in  plane  normal  to  it,  but  therefore  remains 
constant. 


Thus,  if  we  during  swept-aiag  design  of  axis/axle  select  then  so 
that  the  Z-axis  is  passed  dioag  spread/scope  (on  the  wing  leading 
edge)  (Fig.  4.19),  then  tne  components  of  the  speed  of  the 

incompressible  inviscid  flow  relative  to  Z-axis 

Vnt  V .)  ■  sin  x  '4  .21) 

it  will  be  constant.  This  leads  to  the  fact  that  between  the  speed  ot 
drop  ut  and  the  speed  of  airflow  V',  there  will  not  be  the 
differences,  i.e.,  w.  !,  and  the  agnation  of  motion  of  drop  will  b 

iiii 

iir  "  (4. 25) 

and 

Z  U; T  C. 


Further  simplifying  the  dependence  between  RoK  and  Re0  [see 
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Key:  (1).  Normal  plane. 


Page  115. 


If  we  the  right  ana  left  sides  of  equations  (4.10)  divid'  i:,-o 
X«*  that  all  speeds  wall  r>e  expressed  relative  to  the  ccmpoii  n  + 
of  the  velocity  of  incident  now  I',*,,  of  that  lying  at  the  normal  piano 
(see  Fig.  4.19)  and  equation  of  motion  they  will  take  the  form 


where 


Jui_  -  ‘ 

D  ^eKn 

dx 

-M 

U  i*  tin 

< 

■’)  Rl\« 

* 

dT 

ki'm, 

U^in 

*VI  „ 

v 

i  U’  .11 
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Solution  of  equations  (4.  lu1}  gives  the  trajectory  ot  drops  ii. 
normal  plane  without  the  account  to  sweepback.  This  conversion  mak-s 
it  possible  to  use  the  nnisneu  solutions  and  the  calculation  m-thc  i.. 
for  the  straight  wings.  Upon  transier  to  normal  plane  it  is  nec-'-ssary 
to  consider  a  change  in  tne  geometric  parameters  cf  profile/airfoil 
and  stream  conditions,  sc,  if  ue  angle  of  attack  of  wing  of  the 
relatively  incident  flew  is  equal  to  a,  then  in  normal  plane  it  will 
be  <*„  =  a  sec  x#  and  wing  pronie  in  normal  plane  also  must  be  corrected 
via  the  multiplication  of  tne  ordinates  of  initial  prof ile/airfcil  on 
sec  x0 , furthermore,  the  thickness  of  the  obtained  profile/airfoil  will 
always  be  more  than  initial,  however,  frequently  during  this 
conversion  it  is  possible  to  consider  that  the  obtained 
profile/airfoil  is  relatea  to  ta«  same  family,  as  initial. 


1 


id 

f;  1 

i  i 


4 


r 


As  an  example  let  us  give  calculation  for  a  wing  with 
profile/airfoil  NACA  652-01o  witn  the  sweep  angle  of  45°.  Chord 
length  is  equal  to  2.5  m,  tne  angle  of  attack  of  4°. 

Conditions  of  the  icing:  tne  diameter  of  drops ^20  h# 
temperatures  of  -20°C,  neigots/altitudes  -  7000  m,  flight  speeds  50  0 
km/h. 


i 
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For  the  sweptback  wing.  For  tne  straight  wing 

Von  350  &m  hqc,  V  o  ~  aOU  K&HOC. 

Re*  =  70,  Re0  -  100. 

*  1455,  \|>  ---  1455, 

a„  5\  a  4“. 

Key:  (1).  km/h. 

Then  the  zone  of  catching  on  tne  enclosure  of  profile/airfoil  will 
comprise  on  upper  surface  or  l.do/o,  on  lower  surface  -  7o/o  of  cl 
(see  Fig.  2b  applications/appenuices) ,  and  interception  coefficir 
R=15o/o  (see  Fig.  4b  application/appendix)  .  For  the  straight  wir.4 
under  the  same  conditions  we  will  obtain  the  extent  of  the  zone  of 
catching  over  upper  suriace  of  l.oo/o,  on  lower  -  9o/o,  and  the 
interception  coefficient  £=<i0o/o. 

Page  116. 

Calculation  method  presented  above  does  not  consider  the 
displacement  of  drops  in  plaue  xz.  However,  usually  this  displacer, 
does  not  represent  special  interest,  since  it  does  not  affect  th-> 
size/dimension  of  the  zone  of  catering  along  chord.  The  displace^' 
of  drops  over  spread/scope  is  01  certain  interest  only  when  on  wi:, 
are  some  external  parts  (vortex  generators,  pressure  units,  etc.), 
but  in  this  case  its  efiect  is  limited  to  the  fact  that  in  in¬ 
direction  of  downvash  will  occur  somewhat  larger  ice  formation,  th 
from  of  the  "shaded”  part. 
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4.7.  Catching  of  drops  at  higa  vtioc itias  of  flight. 

For  the  evaluation  or  tne  compressibility  effect  of  air  or.  th- 
trajectory  of  drops  it  is  represented  by  advisable  to  examine  several 
simple  cases  in  order  according  to  their  results  to  draw  the 
appropriate  conclusions. 

Compressibility  efrect  on  tue  catching  of  drops  is  caused  by  a 
change  in  the  velocity  fields  in  tne  compressed  and  incompressible 
flows.  Fig.  4.20  depicts  tne  mstnbution  of  local  velocities  or.  tie- 
surface  of  circular  cylinder  ana  inukovskiy  profile  for  the 
compressed  and  incom pressiuie  rlows.  As  is  evident,  most  are 
distinguished  the  speeds  of  tne  compressed  and  incompressible  flows 
on  cylinder,  for  a  prof ile/airr on  this  difference  is  less,  moreover 
it  is  decreased  with  the  decrease  of  thickness  ratio  (curves  1  and 
c)  . 


The  trajectory  calculation  or  the  motion  of  drops  and  para  met  .-rt 
of  catching  for  cylinders,  made  with  the  aid  cf  simulators  for  ti¬ 
er  iti  cal  speed  of  the  flow  (ror  circular  cylinder  MKp  0,4)  [89], 

showed  that  with  the  most  vanea  sizes/dimensions  of  cylinders  (from 
12.5  to  750  mm)  and  drops  (from  J  to  70  p)  the  difference  in 


•**•<*» 
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interception  coefficients  for  one  compressed  and  inconpressi Me  flow.; 
is  from  0.3  to  2.9o/o. 

Thus,  it  is  possible  commence  to  consider  that  for 
contemporary  thin  prof iles/airioiis  the  compressibility  effect  of  air 
on  the  parameters  of  the  catcuinj  of  drops  at  subsonic  flight  speeds 
is  negligibly  small  (in  any  case  less  than  3o/o)  and  in  the  majority 
of  the  cases  the  calculation  ot  tne  catching  of  drops  can  be  mad' 
without  the  account  to  ccji^Lassioiiity. 

During  supersonic  ilignts  tne  icing  as  a  result  of  the 
aerodynamic  heating  of  surraoe  usually  does  not  occur;  however,  the 
series/row  of  theoretical  ana  experimental  works  they  show  that  tr¬ 
icing  in  flight  is  pcssioie  to  tne  speeds  of  order  M=1«4.  True,  the 
probability  of  this  icing  as  very  low,  since  it  is  possible  at  low 
temperatures  of  surrounding  air,  nut  to  examine,  at  least  briefly,  i 
question  about  the  catching  01  dro^s  at  supersonic  speeds  is 
necessary. 

Page  117. 

fundamental  difference  in  pnysics  of  the  catching  of  drops  with 
•  ■  u*»t  sonic  flow  in  comparison  with  subsonic  consists  in  the 

. .  of  *he  shock  wave,  m  wnich  occurs  a  velocity  jump  ar  i  all 
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other  airstream  data  (temperature,  density,  etc.)  and  respectively 
appears  the  aerodynamic  lorce,  winch  effects  cn  drop. 


The  appearance  of  a  shock  wave,  besides  usual  assumptions  about 
the  constancy  of  the  form  or  arop,  neglect  of  the  gravitational 
force,  etc.  (see  Section  maxes  it  necessary  to  additionally 

assume  the  following: 

-  the  field  of  flew  or  air  around  the  streamlined  body  does  net 
produce  friction,  with  exception  or  shock  wave; 


-  by  imbalance  of  tne  torces,  which  effect  on  drop  in  transit 
through  the  jump,  it  is  possible  tc  disregard. 


The  solution  of 
supersonic  flow  most 
with  the  flow  around 


the  equations  of  motion 
simply  is  fuitilled  for 
of  plate  l  luo j  or  clone 


cf  drops  for  the 
the  tasks,  connect r  \ 
[13b],  [151]. 
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Fig.  4.20.  Comparison  ci  locar  velocities  on  the  surface:  a)  circul u 
cylinder,  "Kp  -  o.*  b)  sy  moietiicai  profile/ air  foil  of  Zhukovskiy 
c  =  toy,.  MkP o.«85;  c)  symmetrical  ZnuKovskiy  prof ile  c  =  s.sv  M,pm.#j5.  the 
angle  of  attack  of  a=0°. 

Key:  (1).  compressible  ilow.  (2).  incompressible  flow. 


DOC  =  79116306 


P  At»£ 


0  1,0  2.0  2.0  -.u  v; 

t) 


o  0,5  1,0  1,5  2,0  2,5  Sn 

4) 

Fig.  4.21.  Dependence  of  local  interception  coefficient  on  the 
surface  of  wedge  on  the  flight  conditions  (H  and  W)  ,  size/di aiensi  on 
of  drops  (dK)  and  wedge  angle  (*°J :  a)  froa  height/altitude  H;  c)  t'rcm 
the  size/diaension  of  dtops  v  b)  troa  speed  M ;  d)  froa  wedge  angle 
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=20  p;  N=1. 4;  H=4 500  o;  «=U°. 

Key:  ( 1)  .  p. 

Page  122. 

The  integration  of  equation  of  motion  for  a  wedge  was  made  by 
Serafini  [136]  and  the  aepeadence  obtained  as  a  result  of  local 
interception  coefficient  e  on  different  flight  conditions  and 
conditions  of  icing  was  represented  in  Pig.  4.21. 

The  results  of  ca lculat ions  for  a  wedge  can  be  directly  use!  for 
the  calculation  of  double  weuge  airfoils,  if  angle  of  attack  is  not 
so  great  so  that  the  catcaing  of  drops  would  occur  not  only  on  the 
leading  edge  of  an  airfoil  protile,  but  also  cn  its  tail  section.  7h~ 
results  of  the  calculations  or  tae  general/common/total  interception 
coefficient  E  of  several  douuie  wedge  airfoils  are  represented  in 
Pig.  4.22. 

4.8.  Catching  of  drops  oy  tae  air  intakes  of  engines. 

Due  to  complex  geometnc  layout  the  theoretical  calculation  of 
the  parameters  of  catching  tor  air  intakes  is  the  task  even  cf  aorQ 
complicated,  than  calculation  ror  profiles/airfoils,  and  in  the 
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majority  of  the  cases  it  is  not  possible.  If  it  is  very  rough  to 
divide  the  air  intakes  cr  contemporary  aircraft  into  two  classes 
(subsonic  and  supersonic)  and  to  give  to  them  characteristic 
geometric  layouts  (Fig.  4. 2d),  tnen  it  is  possible  to 
approximately/exeaplar ily  sue*  tue  procedure  of  calculation  of  the 
parameters  of  catching. 

The  inner  body  of  tne  suuseme  air  inlets,  as  a  rule,  has  a  fern 
of  ellipsoid  of  revolution,  and  tne  field  of  inlet  velocities  into 
this  air  intake  can  be  presented  as  the  combination  of  velocity 
fields  in  ellipsoid  and  velocity  rield  in  the  jaw  of  shell. 

Velocity  field  about  ellipsoid  was  examined  earlier  (see  Section 
4.4).  The  distur bances/pecturuations,  placed  on  velocity  fields  in 
ellipsoid  by  the  shell  cl  air  intaxe,  can  be  obtained,  after 
accepting  in  the  first  approximation,  the  shell  of  air  intake  for  tne 
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Fig.  4.23.  Diagrammatic  representation  of  the  catching  of  drops  ir. 
the  air  intakes:  a)  subsonic;  b)  supersonic. 

Key:  (1).  Shaded  zone.  (2).  Ellipse  (3).  Shock  wave. 

Page  123. 

The  velocity  field  in  tne  "borda  mouthpiece"  well  known  in 
aerodynamics  is  expressed  oy  one  complex  function 

5  '■ 1  0  +  «*•  (4.  26) 


where 


Hence 


o  -  <p  1  lip. 


X  (f  L  gi  C0S1|>. 

r  ip  !  e*sln  ^ 


l  -7) 


1  i  f'1  crus  S' 

Ox 

t)r 

1  IV*  cos*  'r 

*?_  - 

_  _*t  — 

eH  mii  <p 

Or 

dx 

1  cus  ip  -  I*’* 

i  1  -JHt 
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For  final  calculations  it  is  necessary  to  fulfill 
transition/transfer  from  tha  axes/axles,  connected  with  shell,  to  th 
axes/axles  of  ellipsoid,  i.e.,  it  is  necessary  to  connect  the  value 
of  speeds  u'x  and  «<-  with  speeds  and  '  .,  In  this  case  ut  and  u, 
should  be  considered  as  tne  uistur rances/perturbations,  placed  in  th 
velocity  field  of  ellipscia,  i, a. ,  finally  the  coaponents  of  air 
speed  at  the  entry  into  air  intaxe  will  be  equal  to 


\  u'x,  | 
U,  -  ur  ;  yr.  I 


(4.  29) 


The  calculations  c£  the  parameters  of  catching  for  the  subsonic 
air  inlets  with  inner  fccdy  in  tne  torn  10  and  20o/o  ellipsoids  wer.- 
made  by  Bran  [88].  The  parameters  of  catching  on  inner  body  m 
practice  do  not  differ  from  tue  cases  examined  above  for  ellipsoids 
in  the  free  flow.  The  parameters  of  catching  on  the  internal  surfac- 
of  shell  are  representeu  iu  Fig.  4.24  and  can  be  used  for  the  design 
of  de-icing  systems  for  tue  subsonic  air  inlets,  which  have  inn-*r 
body  in  the  form  of  ellipsoid  or  revolution. 


For  the  supersonic  airs  inlet  characteristic  geometric  form 
takes  the  form,  represented  in  Fig.  4.23b.  Inner  body  is  formed  by 
cone  or  wedge,  and  shell  is  usually  made  with  the  undercut  (it  is 
close  to  the  flow  line  of  air) ;  tue  location  cf  cone  (wedge)  and 
shell  is  such  that  in  the  normal  modes  of  flight  shock  wave  would 
pass  through  the  shear/section  or  air  intake.  The  special 
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faature/peculiarit y  of  shall  is  tae  very  thin  (2-3  mm)  edge  of  jew 
shear /section,  due  to  wnat  tney  usually  call  sharp  edge. 

Ice  formation  on  the  jaw  of  shell  (on  sharp  edge)  is 
characterized  by  the  fact  tuat  it  occurs  at  very  small  (in  comparison 
with  "thick"  edge)  distance  rroa  tne  edge  of  shear/section. 

Pages  12  4-125. 
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Ice  formation  at  relatively  nign  temperatures  occurs  more  in  the 
direction,  perpendicular  to  tne  lateral  surface  (it  is  analogous  wit^ 
horn-shaped  ice  on  prof iles/airf oils) ,  but  at  lew  temperatures  is 
more  in  the  direction,  parallel  to  the  flow  (it  is  analogous  with 
tapered  or  lanceolate  or  ica  on  profiles/airfcils) .  since  area  of  1 1  <- 
contact  of  ice  with  surrace  is  small,  it  is  frequently  broken  off  by 
the  incident  flow,  that  can  o«  attributed  to  the  special 
feature/peculiarity  of  the  icing  oi  "sharp"  edge  in  comparison  wit!, 
the  profiles/airfoils  and  other  nodies. 
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Page  126. 

Chapter  V. 

Thermal  design  of  deicers  (exterior  problem)  *. 

FOOTNOTE  l.  Section  5.  1-i.  5  are  written  by  S.  Kh.  Tenishev  and  V. 

S.  Savin;  Section  5.  6-  fcy  a.  Ka.  Tenishev,  Section  5.  7  -  by  V.  K. 
Kordinov.  ENDFOOTNOTE. 

5.1.  Heat  exchange  on  surface  unuer  conditions  of  icing. 

The  calculation  of  taermai  ueicer  is  divided  on  the  so-call^  1 
"external"  and  "internal"  tasxs. 

Exterior  problem  includes  tne  calculation  of  the  necessary 
heat-flux  density,  its  distribution  according  tc  surface, 
determination  of  the  extent  or  zone  heating  fcr  the  diverse  variants 
of  the  systems  of  permanent  and  cyclic  heating,  determination  of  ti 
relationship/ratio  between  the  temperature  c£  dry  surface  and  i*s 
temperature  under  conditions  or  icing,  etc.,  these  questions  cat.  b  - 
examined  independent  of  the  means  of  utilized  thermal  energy  and 
internal  construction/design  of  heating  de vices/i guipme nt . 


f - 
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Internal  task  concerns  tne  calculation  of  the  internal 
paraaeters  of  deicer,  heaters  or  surface  directly  connected  with 
construction/design;  therefore  tae  methods  of  its  solution  for 
different  types  of  deicers  are  different. 

In  present  chapter  is  exaaineu  the  exterior  problem.  To  the 
calculation  of  the  internal  paraaeters  of  separately  thermoelectric 
and  air-heat  systems  are  dedicated  the  subsequent  two  chapters. 

Heat  exchange  on  tne  surface,  which  undergoes  icing  or  wetting 
due  to  the  recovered  drops,  is  cnaracter ized  by  aore  complicated 
processes,  than  on  dry  surface  (in  "dry"  air)  2. 

FOOTNOTE  2.  Term  "dryMait  very  propagated  in  the  literature  on 
questions  of  icing  indicates  the  absence  in  air  of  the  weighed  dro 
or  crystals  of  ice.  In  the  absence  of  the  weighed  water  even  closa 
saturation  by  water  vapor  air  is  considered  in  sense  indicated  abov 
as  "dry".  ENDFOOTNOTE. 

Let  us  examine  the  heat  fluxes  to  the  surfaces,  shielded  from 
icing,  in  reference  to  the  unit  of  surface  (i.e.  density  q  of  these 
flows,  or  heat  transfer  rates): 
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-  convective  heat  flax  ft; 

-  heat  flux  from  the  nigh-speed/velocity  heating  of  surface  du 
to  air  friction  in  boundary  layer  g*t; 

-  heat  flow,  necessary  for  evaporating  of  water  or  ice  from 
surface, 


-  the  heat  flow,  emitted  uy  the  heated  surface,  Q"" 

-  the  heat  flux,  vnach  appears  as  a  result  of  converting  kinet i 
energy  of  drops  during  their  collision  with  surface,  ft.,. 

Page  127, 


All  these  heat  flew  are  on  surface  independent  of  its 
temperature  (*..)• 

Besides  then,  when  /„  <  0  appears  supplementary  heat  flow,  which 
is  isolated  during  the  crystallization  of  the  supercooled  drops  on 
surface,  ft,  and  heat  ft.  going  for  neating  of  a  layer  of  ice  during 
the  heating  to  cold  surface  to  0°c.  Pig.  5.1,  borrowed  from  [124], 


....  -nnufii- ; 
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clearly  depicts  the  diagram  or  neat  fluxes  for  this  case. 

Hhsn  ta  >  o,  besides  <?„  sad  is  required  snail  heat  flux  v.  tc 
the  heating  of  eater  free  tne  temperature  of  surrounding  air  to  the 
teaperature  of  the  heated  surface.  If  heating  surface  (or  air  intake, 
pressure  unit  of  flow,  etc.)  recovers  the  crystals  of  ice,  then  is 
required  supplementary  neat  fro*  for  their  nelting. 

Examining  the  equation  of  the  heat  balance  of  surface  under 
conditions  of  icing,  there  rs  no  need  for  representing  it  in  the  form 
of  the  sum  of  all  enumerated  aoove  flows.  Calculations  show  that  such 
components  as  qu  considerably  exceed  in  absolute  value  others 

components,  portion  of  which  usuaxiy  composes  several  percentages  of 
general/common/total  heat-flux  uensity  on  surface.  Therefore  during 
the  calculation  of  the  necessary  neat  output  for  the  heating  of  the 
majority  of  exteriors  cf  the  flight  vehicles  these  secondary  terms 
can  be  disregarded/neglected,  bitn  this  assumption  the  equation  of 
heat  balance  on  surface  takes  the  torn 

<h  =*  4Wi  f-  fyi  —  Q\  *=  fa  ft-  &  0 


•*if>  li’^Yi"  I'tuT 
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Pig.  5.1.  Diagraa  of  heat  maxes  tor  an  unheated  surface  under 
conditions  of  icing. 

Page  128. 

Soaetiaes  (for  exaapie,  dating  calculation  of  heaters  of  small 
nozzles,  air  intakes  or  pressure  units  which  "are  driven  in"  by  the 
crystals  of  ice)  should  he  considered  also  terns  V»  or  qM\ 

Vn  </ai  i  Vpi  —  Vi  +  V«.  (5.  Ia) 

or  , 

‘In  -  V< II  ->■  Vf» I  -  Vl  -r  Vim*  (5.  IG) 

Value  (>"  in  these  equations  is  the  heat-flux  density  which  mus 
be  conducted  to  the  icing  up  surface  in  order  to  ensure  its  heating 
to  the  required  teaperature. 
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Let  us  examine  fundamental  component  of  this  heat  flux  in  more 
detail. 


5.2.  Calculation  of  convective  neat  eiission. 


As  is  known,  convective  neat  tlux  from  the  unit  of  area  of  the 
heated  dry  surface  can  ce  represented  in  the  form  of  the  following 
equat ion: 


V»  I  —  ®  l/|«  —  O  i=  ®  (/n  —  /|). 


(5.2) 


Por  determination  Qa  with  known  or  prescribed/assigned  to 
temperature  surface  4  it  is  necessary  to  know  heat-transfer 
coefficient  a  and  the  so-called  equilibrium  temperature  of  surface 
t]„,  *M>ch  in  the  speed  range  whica  interests  us  of  flight  can  be 
equated  to  the  equilibrium  temperature  of  boundary  layer,  the  latter 
is  equal  to: 

ti  =■  t,  +  A/,  =  /,  (5.  3> 

-'-p 

where 


tt  -  local  temperature  on  oouadary  layer  edge: 

v*  _  vl 

+  (5-4) 

cr  -  heat  capacity  or  the  air  at  a  constant  pressure  in 
j/kg«deg. 

Consequently,  the  resultant  expression  for  the  local  equilibrium 
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temperature  of  surface  wild  ta he  rue  form 


C 


i* 


(5.5) 


The  value,  which  stands  in  the  bracket,  is  local  recovery  factor 
ri  **  I  "(tt)1  ('-r*)-  (5.6) 


Page  129, 


On  the  basis  of  a  large  quantity  of  experiments  it  is 
established/installed  [69],  taut  r*=0.85  in  the  case  of  the 
stream-line  conditions  of  tne  flow  above  the  surface  and  r*=0.R8  in 
the  case  of  turbulent  flew  conditions  above  the  surface. 


Calculation  of  local  heat-transfer  coefficients  for  aerodynamic 
profiles/airfoils. 

The  repeatedly  checked  in  practice  formulas  for  local 
heat-transfer  coefficients  are  related  to  three  well  studied  forms  of 
bodies,  namely:  flat/placa  plate,  circular  cylinder  and  sphere.  For 
practical  calculations  aerodynamic  profile/airfoil  usually  they 
replace  by  equivalent  cylinder  in  end  connections  and  by  flat/plane 
plate  on  the  remaining  part  of  the  prof ile/aief oil.  Experiment  shows 
that  this  replacement,  from  tne  point  of  view  of  precision/accuracy , 
is  completely  satisfactory*. 

FOOTNOTE  *.  Is  known  another  approach  and  tc  the  solution  of  this 


'TumriiM nwiiitf iiiii hi„(i> ) „ iVi| , i  ,,,  ^  ,, 
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task,  based  directly  on  boundary  layer  characteristics  [140]; 
however,  for  practical  use  it  is  sufficiently  bulky,  endfootnote. 

Proa  the  exaaination  of  local  neat-transfer  coefficients  in  the 
periaeter  of  circular  and  elliptical  cylinders  and  for  a  flat/plan^ 
plate  it  follows  that  tne  dependence  of  the  coefficient  of  heat 
exchange  in  the  periaeter  or  cylinder  the  nearer  is  suitable  the 
dependence  for  a  flat/plane  plate,  the  more  eccentricity  the  cross 
section  of  elliptical  cylinder  [  od  ]. 


Local  heat-transfer  coerncients  for  a  flat/plane  plate  during 
laainar  boundary-layer  How  usually  are  designed  from  the  formula  of 


Pol*gauzen 


Nu  =  0,332  R^Pr'*. 


During  the  calculation  or  local  heat-transfer  coefficient  for  a 
flat/plane  plate  with  turuuient  ooundary  layer  widest  use  found 

Colburn's  foraula  [69] 

Nu  =  0,0296Re°«Pr»'3.  (5.  g) 

It  is  obvious  that  tnese  formulas  do  not  nake  it  possible  to 
obtain  the  solution  for  tue  leading  edge  of  prof ile/airfoil. 
Therefore  the  leading  edge  of  an  airfoil  profile  is  replaced  by  the 
eguivalent  cylinder,  fcr  vnicn  is  designed  local  haat-transf er 
coefficient  in  the  vicinity  or  rrontal  generatrix.  From  experimental 
data  it  is  known  pBfc£9b'],  [103],  that  the  speed  on  the  boundary  of 
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boundary  layer  around  tne  surrace  of  circular  cylinder  changes  in 
accordance  with  the  equation 

V,  -3,63  V, (5,9) 

Page  130. 

Therefore  local  heat -transrer  coefficient  on  the  leading  edge  e 
profile/airfoil  during  the  stream-line  conditions  of  flow  can  te 
found  from  following  criteria!  dependence  [68]: 

Nud  -  1,06 1  Red0'5  Pr' (5.  io>  . 

Analogously  during  turbulent  now  conditions  let  us  have  for  the 
leading  edge  of  profile/airfoil  1 17] 

Nu/j  0,063R<?£*Pr' (5  JJ  ) 

The  given  formulas  tor  tne  calculation  of  local  heat-transfer 
coefficients  are  written  iu  general  form  and  therefore  are  somewhat 
inconvenient  during  practical  calculations.  In  connection  with  this 
case  these  formulas  can  be  considerably  simplified  and  passed  away 
depending  on  fundamental  vanable/alter nating,  namely:  temperature, 
pressure,  speed  and  extent  cf  transfer  surface. 

The  dependences,  which  are  determining  ccnvective  heat  emission 
contain  such  physical  characteristics  of  air  as  density. 


viscosity/ductility/toughness,  thermal  conductivity  and  heat 
capacity,  determined  with  so-called  effective  temperature  of  air  7\,. 
So,  air  density  is  determined  through  7*  from  equation  of  state 
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9  capacity  of  taa  aic  c„  la  tha  temperature  range 

(approximately/exemplanly  from  -50  to  +50°C)  which  interests  us 
virtually  does  not  depend  on  teaperature,  but  its  dynamic  viscosity 
and  thermal  conductivity  can  a%  determined  according  to  the  following 
approximation  foraulas: 


ll 


*(&r- 


(5.  12 


(5.  13) 


where  p0  and  *o  *  value  ci  coerficients  with  0°C  (273°k)  . 


The  best  results  during  the  calculation  of  heat-transfer 
coefficients  are  obtained  with  determined  according  to  Eckert's 
formula  [69]; 


r*  -=  To  r  0,50  ( r„  -  To)  -  0.22  (T,n  -  T,).  (5.  14) 


After  using  the  dependences  given  above,  criterial  equations 
(5.7),  (5.8)  and  (5.10),  (5.11)  cau  be  presented  in  a  simpler  form 
Thus,  for  instance,  heat-transfer  coefficient  for  the  leading  edg? 
profile/airfoil  during  the  stream-line  conditions  of  flow  can  be 
found  from  the  formula 

.  “  i-X-r  “ 


of 


where  D  -  the  diameter  of  the  eguivalent  cylinder  of  the  leading  sdgc 
of  an  airfoil  profile,  deteraineu  graphically  or  according  tc  th~ 
method  of  least  squares. 
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For  the  majority  or  usual  subsonic  aerodynamic  profiles/airfoil; 
it  is  possible  to  consider  mat  tne  diameter  of  equivalent  cylinder 
composes  approximately/exemplarny  30o/o  of  maximum  profile 
thickness. 


Further,  as  shorn  calculations,  in  the  range  T ^  273  -  SOK  the 

error  during  the  determination  or  heat-transfer  coefficients  does  net 
exceed  3o/o  during  stream-line  conditions  and  lOo/o  with  turbulent, 
which  is  completely  admissible  for  thermal  designs. 


Consequently,  assuming/setting  ~  ^73  K.  we  obtain  the 
following  calculation  formulas  tor  the  local  heat-transfer 
coefficients  of  airfcil. 

On  the  leading  edge: 


with  the  laminar  boundary  layer 
a  =  1,74- 10"1  J/  umlMp-epad, 

Key:  (1).  H/m*«deg. 


(5.  15a) 
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with  the  turbulent  boundary  layer 

a  =-  9,35- 10"'  ■  ahl/m* ■  epad.  (5.  1 6) 

Key:  (1).  W/a2*deg. 

On  the  regaining  surface  of  the  profile/airfoil: 

with  the  laeinar  boundary  layer 

a  —  5,44- 10~*  Y  am'Mi-epad,  (5.  1 7) 

Key:  (1).  W/mz*deg. 

with  the  turbulent  boundary  layer 

a  =  4  4-  emtj&fepad,  (5-  18) 

Key:  ( 1)  .  H/mz«deg. 

where  S  -  distance  on  the  enclosure  of  profile/airfoil  from  leading 

fa 

edge  to  the  point  of  surface  id  guestion^a; 

p0  -  air  pressure  at  given  oeignt/altitude  in  N/az. 

In  order  to  use  forauias  {5.  15-5.  18)  during  the  calculation  cf 

local  heat-transfer  coefficients,  it  is  necessary  to  know  the 
location  of  the  points  (aore  precise  than  regions)  of 
transition/transfer  froa  laminar  ooundary-layer  flow  to  turbulent 


flow 
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Flow  conditions  in  tue  ooundary  layer  above  the  arbitrary  poir. 
of  dry  surface  is  determined  uy  many  factors,  basic  from  which  ar- 
the  following:  speed  and  turuaxaace  level  of  the  undisturbed  flow, 
surface  curvature  and  its  rougnness,  sweep  angle  of  surface,  and  al 
direction  of  the  heat  fluxes  (preneating  surface  accelerates 
transition/transfer,  and  cooling  -  it  slews  dewn) . 

Page  132. 

Transition  point  from  laminar  rlow  to  turbulent  on  straight/dir=-ct 
and  sweptback  wings. 

The  phenomenon  cf  transition/transfer  frem  stream-line 
conditions  to  turbulent  can  oegin  when  local  Beynolds  number  will 
exceed  certain  critical  value.  On  the  basis  of  investigations  it  is 
established/installed  [Ixbj,  tuat  in  the  presence  of  the  heatina  of 
surface  on  the  straight  wings  tne  laminar  boundary  layer  exists 
approximately/exenplarily  to  He=0.  5*10*  cr  to  the  point  of  mini  mini 
pressure  on  prof ile/air toil,  moreover  from  these  two  points  is 
selected  outermost  from  tne  leading  edge  of  pref ile/air foil. 
Developed  turbulent  flow  oegins  with  Re  numbers  of  order  2*10*. 
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It  is  necessary  to  note  that  the  numerical  values  of  critical 
Reynolds  nunbers  oscillate  in  some  Units  depending  on  the  turbulence 
level  of  undisturbed  flew#  type  or  profile/airfoil,  roughness  of 
surface,  etc.  However,  in  tne  majority  of  the  cases  the  correcte 3 
numerical  values  of  the  critical  ae  numbers  can  serve  as  compute  3 
values  during  the  determination  or  heat-transfer  coefficients  for  the 
straight  wings  in  flight  in  "dryM  air. 

Fig.  5.2  shows  an  example  or  the  typical  distribution  of  local 
heat-transfer  coefficients  in  tne  enclosure  of  prefile/airfoil 
NACA-0012  with  unswept  mug. 
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Fig.  5.2.  A  change  in  computed  values  of  heat-transfer  coefficients 
in  the  enclosure  of  the  protile/airfoil  of  unswept  wing  in  fligh4:  in 
"dry"  air  (prof ile/air fcxl  NACA-0012;  b=3.0  m;c»  =  0.4;  vo=150  m/s; 

H=  1 000  ■)  :  1  -  according  to  formula  (5.15a);  2  -  according  tc  formula 

(5.17) ;  3  -  transient  mcde/conditions ;  4  -  according  to  formula 

(5.18) ;  O  ~  corresponds  tle  =  d.5«1d*;  O  ~  corresponds  Re=2*10*;  A  - 
poirt  of  the  minimum  of  pressure. 

Key:  (1).  H/(m*»deg).  (2).  Lower  surface.  (3).  Upper  surface. 
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Heat- transfer  coefficients  xn  transfer  zone  are  conditionally 
represented  the  broken  straxgnt  line,  which  connects  the  local 
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importance  of  heat-transter  coerncients  into  the  end/lead  of  tnc 
laminar  zone  and  in  the  beginning  cf  the  steady  turbulent  flew. 

The  sweep  angle  of  wing  signiiicantly  affects  the  mechanism  or 
boundary-layer  flow,  especially  in  area  of  leading  wing  edge.  The 
experiments,  carried  out  tor  circular  cylinders,  show  that  at  the 
sweep  angles,  which  exceed  J0°,  tne  distribution  of  heat-transfer 
coefficients  in  the  enclosure  of  cylinder  is  located  in  accordance 
with  the  theory  of  turbulent  nouuaary  layer  [79].  The  indirect 
confirmation  of  this  fact  is  tne  lowered/reduced  value  of  the 
temperature  of  the  leading  edge  or  the  sweptback  wing  in  comparison 
with  the  temperature  of  tae  leading  edge  of  the  straight  wing  ur. .1  -r 
other  identical  conditions. 

A  change  in  the  heat-trausfer  coefficients  in  the  enclosure  of 
wing  profile,  which  has  sweep  angle  X  ”  45®,  is  shown  in  Fig.  5.).  Th 
calculation  of  heat-transf er  coerficients  was  produced  in  formulas 
(5.16)  and  (5.18).  Heat-transler  coefficient  has  maximum  value  on 
leading  wing  edge  and  then  aonotouically  it  decreases  on  the 
enclosure  of  profile/a ir toil,  l’his  distribution  of  local 
heat- transfer  coefficients  is  possible  not  only  for  the  sweptback 
wings. 


DOC  =  79116306 


PAGE 


“Vlt 


i*  cgcf)  (!) 


Pig.  5.3.  A  change  in  cosputau  fdiues  of  heat-transfer  coefficient.*' 
in  the  enclosure  of  the  pronle/airfoil  of  the  sweptbacic  wing 
(profile/airfoil  NACA-Ot  12;  o^i.U-m;  =  0>2:  fo=150  m/s;  4=1000  ■;  *  =  45">. 
1  -  according  to  formula  (5.  16) ;  2  -  according  to  formula  (5. 


Key:  (1) .  s/(a2*deg).  (2).  boxer  surface.  (3).  Upper  surface. 

Page  134. 

For  example,  with  the  strong  tui.ouience  level  and  undisturbed  flow, 
caused  by  the  tractor  propellers  (in  the  case  cf  propeller-driven  or 
turboprop  power  plant) ,  it  can  seem  that  even  on  the  straight  wings 
flow  conditions  in  boundary  layer  will  be  turbulent,  beginning  with 
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leading  edge. 

Heat  emission  under  conditions  ox  icing. 

Icing  exerts  the  strong  turuuience  influence  on  boundary  layer; 
therefore  transition/trausf er  from  laminar  boundary  layer  to 
turbulent  occurs  considexaoiy  earlier  than  this  occurs  with  dry 
surface. 

Even  at  temperature  ox  tne  surface  higher  than  freezing  pcir-t  is 
observed  the  acceleration  of  txansition/transfer  from  the  stream-line 
conditions  of  flow  to  turbulent,  since  the  nave  formations  of  water 
film  which  is  accumulated/stored  on  surface  in  the  zone  of  catching, 
also  prove  to  be  perturbation  source.  Certain  turbulence  influence 
exert,  apparently,  directly  most  recovered  drops,  passing  through  th^ 
boundary  layer  and  partially"  spattering"  with  the  impact/shock  about 
surface. 

Consequently,  heat-transfer  coefficients  for  the  deicers  both  of 
cyclic  and  permanent  action  must  be  designed  from  formula  (5.18), 
which  relates  to  turbulent  ooundary  layer  in  the  limits  of  entire 
heating  surface,  except  tne  leading  edge  for  which  the  coefficient  j 
depends  on  sweep  angle,  for  a  leading  edge  it  is  possible  to  accept 
the  following  design  conditions: 
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-  at  the  sweep  angles  of  leauing  edge  to  15-20°  coefficient  or 
(for  cyclic  POS  on  the  width  of  "tneraal  knife")  should  be  counted 
according  to  formula  (5.  Iba)  -  tor  the  laminar  layer; 

-  at  the  sweep  angles  or  leauing  edge  is  more  than  20° 
coefficient  a  must  be  ccuntea  in  rcrmula  (5.  16)  -  for  a  turbulent 
layer. 


However,  during  processing  or  the  results  of  the  tests  pcs, 
produced  in  "dry"  air,  it  is  necessary  to  use  information  on  the 
location  of  the  points  of  beginnings  and  end/lead  of  the 
transition/transfer  from  laminar  uoundary  layer  to  turbulent  which 
were  given  above. 

Virtually,  however,  tne  precision  determination  of  heat -transfer 
coefficients  in  area  of  leauing  sage,  as  a  rule,  is  required  only 
during  the  calculation  or  tne  parameters  of  "thermal  knives"  (see 
examples  6.4  and  6.5).  in  other  cases,  especially  with  permanent 
heating,  to  completely  adaissioiy  take  in  the  limits  of  the  nosr 
section  of  the  prof ile/airroil  tne  average/mean  value  of  coefficient 
*. 
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FOOTNOTE  >.  As  a  result  or  ti»e  thermal  conductivity  of  siin/shpathing 
(see  Section  6.4)  in  this  sufficiently  narrow  section  occurs  the 
temperature  balance  of  surface,  tnanks  to  which  this  assumption 
significantly  does  not  affect  the  final  results  of  calculations. 
ENDFOOTNOTE. 

Page  135. 

Calculation  of  average  neat- transfer  coefficients  for  aerodynamic 
profiles/airfoils. 

For  the  rapid  evaluation  of  average  value  of  the  heat  flux, 
which  exits  from  surface  oy  convection  path,  according  to  formula 
(5.2)  it  is  necessary  tc  Know  the  values  of  average  heat-transfer 
coefficients  in  the  enclosure  or  profile/airfoil.  It  is  obvious  ‘-ba¬ 
the  average  heat-transfer  coefficient  is  defined  in  general  form  as 

a  -  —  jadS.  (5.19) 

u 

Moreover  in  each  special  case  the  value  cf  average  heat-transfer 
coefficient  a  is  determined  by  the  distribution  of  the  local 
heat-transfer  coefficient,  obtained  on  the  basis  of  formulas  (5.  IS) 

-(  5.  18).  However,  calculations  show  that  in  the  majority  of  the 
cases  a  it  is  possible  to  calculate  with  sufficient 
precision/accuracy,  if  we  use  the  formula  which  determines  lccal 


-*'■*“*  rttgiltft  -*jhn  ^ -miter- ftinyrT-T*' :- 
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heat-transfer  coefficient  with  turbulent  boundary  layer.  This 
coincidence  of  average  heat-transfer  coefficients  for  a  flat/plane 
plate  and  average  heat-transfer  coefficients  at  the 

prescribed/assigned  distance  in  the  enclosure  of  profile/airfoil  from 
stagnant  point,  apparently,  is  connected  with  the  fact  that  the 
extent  of  laninar  and  transfer  zones  has  snail  values  in 
comparison  with  the  entire  designed  surface.  It  is  completely  obvious 
that  during  the  developed  turoulent  flow  above  the  profile/airfoil 
the  coincidence  of  average/aean  values  a  for  a  flat/plane  plate  and 
for  an  aerodynamic  prof ile/airroix  will  be  almost  ideal.  The  laminar 
boundary  layer  above  the  surface  or  the  leading  edge  of  an  airtoil 
profile  is  encountered  comparatively  rarely  in  design  conditions  or 
the  de-icing  systems  (this  can  ta*e  the  place  when  local  Reynolds 
number  in  the  warned  zone  of  prof ile/airfoil  of  unswept  surface  dots 
not  exceed  0.5*10*).  But  it  nevertheless  this  occurs,  then  average 
heat- transfer  coefficient  can  be  determined  via  the  substitution  of 
formula  (5.  17)  into  the  integrand  of  equation  (5.  19). 

In  general  average  heat-tr ansfer  coefficient  is  found  from  the 
joint  solution  of  equations  (5.  Id)  and  (5.  19).  Assuming  that  in  the 
first  approximation,  the  value  of  local  velocity  Vj  above  the  surface 
of  profile/airfoil  is  equal  to  the  speed  of  undisturbed  flow  v0 ,  It 
us  have  the  following  expression  for  an  average  heat-transfer 
coefficient: 

a -  1,25a, 


. . . RMftViiYf*: a . 
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Pig.  5.4  as  an  example  shuns  a  change  in  the  average 
heat-transfer  coefficients  or  tae  examined  above  prcf ile/air f oil  in 
dependence  on  speed  and  t lignt  altitude.  Computed  values  a  are  given 
for  a  distance  from  stagnant  point  S=0.5  a,  in  this  case  was  accept 
the  assumption  that  7\*  =  273°  K..  It  is  aasy  to  show  that  value  a  a 
other  values  of  S  and  can  be  calculated  on  the  basis  of  the 

relationship/ratio 


where  -  a  value  of  average  neat-transfer  coefficient  at  given 
speed  and  height/altitude  with  S=0.5  a  and  —  273°  K. 
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Fig.  5.4.  Change  in  the  average  neat-transfer  coefficients  above  th« 
surface  of  the  nose/leading  edge  or  aerodynamic  profile/airfoil  in 
dependence  on  speed  and  flight  altitude  (S  =  0.5  ■;  T%i-2iy  K)  . 

Key:  ( 1 ) .  m/s . 

Calculation  of  heat-transfer  coefncients  for  the  parts  of  engine. 

The  fundamental  parts  of  engine  which  require  protection  from 
icing,  are  the  shells  cr  air  intake,  fairings  or  spinners,  struts  and 
stator  blades.  Mill  be  shown  oelo*  the  special  features/peculiarities 
of  the  calculation  of  heat- transfer  coefficients  for  these  parts  of 
the  angine  and  are  given  calculation  formulas. 


If  the  shells  of  the  air  intake  of  engine  are  made  in  the  form 
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of  steady  prof iles/airf cils,  tnen  the  calculation  of  heat-transfer 
coefficients  for  the  noses/ iedamg  edges  of  air  intakes  differs 
little  from  the  calculation  or  heat- transfer  coefficients  for  lifting 
surfaces. 

Page  137. 

Fundamental  task  consists  in  tha  selection  of  the  equivalent 
profile/airfoil,  which  replaces  tne  nose/leading  edge  of  air  intake, 
after  which  the  procedure  of  calculation  of  heat-transfer 
coefficients  is  reduced  to  tne  us6  of  formulas  (5.  1 5) - { 5. 1 8)  with  ell 
observations  which  were  maae  in  tae  relation  to  the  extent  of  the 
zones  of  laminar  and  turbulent  flow  conditions.  Mean  heat-transfer 
coefficients  are  designed  troa  formula  (5.20). 

In  work  (69)  it  is  saown  taat  the  dependences,  obtained  for 
heat-transfer  coefficients  in  the  case  of  plane-parallel  flow,  c ai,  bz 
also  used  in  connection  wrta  oo dies  of  revolution,  in  particular,  for 
a  cone  the  boundary  layer  tnrckness  at  any  point  of  surface  with 
coordinate  S  is  lower  than  the  thickness  on  plate  14  3  once.  Therefore 
the  local  coefficient  or  neat  emission  in  the  laminar  zone  of  the 
cone  of  the  engine  can  te  rouna  from  the  formula 

a  9,32-10-*  Y (5.  22)  • 


^a-iC  V- 


~;fi  TiViri'i  M-i.juA—-*-  -  • 
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In  the  turbulent  zone  or  tne  How  above  the  cone  the  coefficient 
of  friction  at  length  s  from  vertex  corresponds  to  the  coefficient  cf 
friction  on  flat/plane  plate  at  length  S/2  from  leading  edge,  other 
conditions  being  equal,  [117j.  Consequently, 

a  -5,06-  JO"4  (PtVj£-  •  (5.  23) 

In  this  case,  as  for  a  rrat//iane  plate,  it  is  accepted  that  the 
laminar  flow  exists  up  to  ae=0.o»1u6,  and  developed  turbulent  flow 
occurs  beginning  with  Re=2*106.  linen  the  conditions  of  icing  are 
present,  flow  conditions  in  ooundary  layer,  beginning  from  the  Apex 
of  the  cone,  should  be  considered  turbulent  and  the  local 

« 

heat- transfer  coefficients  calcuiau  in  formula  (5.18).  Average 
heat-transfer  coefficients  for  a  cone  in  the  limits  of  length  S  frcn 
aper/vertex  will  be  equal  to 

a  —  6,33*  10~4  •  (5.24) 

Since  such  comparatively  large  engine  components,  as  the  struts 
of  fastening  inner  body  have  usually  aerodynamic  *prof iles/air f oi  is, 
then  the  calculation  of  local  ueat-trans fer  coefficients  for  thes<^ 
parts  of  engine  in  no  way  differs  rrom  the  calculation  of  local 
heat- transfer  coefficients  ror  the  lifting  surfaces  of  aircraft, 
i.e.,  it  is  necessary  to  use  rormdlas  (5.15)-*-  (5.18)  taking  into 
account  the  observations  or  tne  relatively  transfer  zone  of  flow.  Fcr 
stator  blades  in  view  of  their  small  geometric  dimensions  it  suffices 
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to  know  only  coefficients  oi  neat  emission  the  average/mean  over 
surface. 

Page  138. 

Work  [69]  gives  the  experimental  data  according  to  average 
heat-transf er  coefficients  tor  maaes,  obtained  by  different 
researchers  with  the  purging  or  grids/cascades,  i.e.,  the  seri-s/rcw 
of  vanes  (for  example,  guiuing  aevice) ,  on  the  basis  of  which  was 
obtained  the  following  calculated  rormula: 

a  »5.10-*-^— ,  (5.25, 

‘.1 

where  i.i  -  ratio  of  the  penaeter  of  the  profile/airfoil  of  blade  to 

a  number  w,  and  V  -  the  average  speed  of  airflow  near  blade. 

Calculation  of  heat-trausfer  coefficients  fcr  propellers. 

The  screws/propellers  oi  aircraft  and  helicopter  work  under 
conditions  of  severe  vibration  and  imposition  of  speeds  (speed  of 
forward  motion  and  the  rotational  speed).  These  conditions  have  the 
same  effect  on  flow  conuxtions  as  the  sweepback  of  the  lifting 
surfaces  of  aircraft. 


Therefore  the  calculation  ct  local  heat-transf er  coefficients 
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for  propeller  blades  should  oe  performed  according  to  formulas  (6.16) 

and  (5.18)  for  turbulent  riow  conditions.  f' 

i 

(• 

It  is  necessary  tc  note  tnat  ror  aircraft  screws/propellers  the 
velocity,  which  must  be  substituted  in  formulas  (5.16)  and  (5.18),  is 
determined  from  the  expression 

V,o  =  \  Vi  -j-  Vf,  (5.26) 

where 

Vr  --  <otf  =  -g.  R  (5.  27) 

there  is  the  tangential  speed,  which  appears  in  cross  section  of 
blade  screw/propeller,  distant  at  a  distance  of  R  from  rotational 
axis,  n  -  number  of  revolutions  pet  minute.  Respectively  local 
velocity  Vri  at  the  arbitrary  point  of  the  cross  section  profile  of 
the  screw/propeller  of  aircraft  is  found  from  the  expression 

Vn-Vr9V\^=p. 

For  the  screw/propeller  of  helicopter  into  formula  (5.18)  in 
place  of  V o  is  substituted  directly  the  value  of  tangential  speed 
Vr,  since  during  one  revolution  tne  averaged  speed  of  the  flew,  which 
encounters  to  screw/propellar,  doss  not  depend  on  the  speed  of 
forward  motion  and  is  deter  mined  only  by  rotary  motion  of 
screw/propeller. 

Average  heat-transrer  coefficients  in  the  cross  section  of  the 
screws/propellers  of  aircraft  and  helicopter  can  be  obtained  in  th- 
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same  tanner  as  for  for  the  lrrtiug  surfaces  of  aircraft. 

In  the  validity  of  tne  proposed  formulas  for  the  calculation  of 
heat- transfer  coefficients  it  is  net  difficult  to  be  convinced,  if  t 
use  the  experimental  data  according  to  average  heat -transfer 
coefficients  for  the  blades/ van«s  of  helicopter,  given  in  work  r 130] 

Page  139. 

Observations  about  the  calculation  of  heat-transfer  coefficients  fer 
cockpit  windows. 

The  calculation  formulas,  given  above,  make  it  possible  tc 
calculate  heat-transfer  coer  ncieuts,  also,  fer  other  aircraft 
components  or  helicopter  wnicn  undergo  icing  in  flight. 

In  particular,  if  the  surface  of  glazing  or  fairing  is  ccrrr-ct 
cone,  then  local  heat- trausrer  coefficients  are  designed  from 
formulas  (5.22)  and  (5.^3),  but  average  heat-transfer  coefficients  - 
according  to  formula  (5./U)  .  but  ir  surface  is  made  in  the  ferir  o: 
ellipsoid,  then  heat-transfer  ccerticient  at  the  tip  of  ellipsoid 
[34]  should  be  designed  from  tae  formula 
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where  D  -  diameter  of  the  equivalent  sphere,  inscribed  into  the 
nose/leading  edge  of  fuselage.  On  remaining  surface  of  sight  glasses 
or  radar  antennas  local  hear- transfer  coefficients  are  designed  fr cm 
formulas  (5.22)  and  (5. id),  ana  average  coefficients  in  formula 
(5.24)  . 


If  sight  glasses  are  made  in  the  form  of  the  flat  surfaces, 
tilted  *  to  the  incident  airflow,  then,  as  it  follows  from  work  [5], 
local  heat-transfer  coefricients  for  them  can  be  calculated  from  th= 
formula 

a  =  4.4*  10'4-^~£p- (1  +  0,4(tg<p);:5]-  (5.29) 

It  is  necessary  to  indicate  tnat  during  the  determination  of 
local  heat-transfer  coefricients  and  location  of  points  the 
beginnings  and  the  end/lead  or  toe  transition/transfer  from  distance 
laminar  to  turbulent  moae/conditions  must  be  counted  off  frcm  the 
stagnant  (critical)  point  of  noay,  into  which  are  inscribed  the 
surfaces  of  glass  in  question,  fairings,  etc.),  but  not  from  the 
beginning  of  these  quite  surfaces. 


For  the  case  of  the  cylindrical  surface,  established/installt d 
in  parallel  to  incident  airflow,  on  heat-transfer  coefficients  will 
have  effect  the  curvature  of  nody  m  the  plane,  perpendicular  to  flow 
direction.  However,  in  the  first  approximation,  heat-transfer 


Y  ■  nVm-wtoitiflMnlilii  --T 
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coefficients  for  this  body  can  re  uesigaed  as  for  a  flat/plane 

i.  e.,  by  taking  into  account  tae  possibility  cf  ice  fornation,  from  | 

r 

formulas  (5.18)  or  (5.20)  tor  turbulent  flow  conditions.  i 

i- 

I 

Page  140. 

5.3.  Calculation  of  heat  of  vaporization  and  heating  of  water  (ic.*_)  * 

on  the  surface,  streamlined  witn  liow. 

r 

I' 

Heat  of  vaporization  of  water  (ice). 

t 

The  heat-flux  density  rcr  evaporation  froa  the  unit  of  the  moist 

\ 

surface  of  certain  quantity  or  vater  G„  depends  on  the  intensity  of 
evaporation,  which  in  turn,  is  ueternined  by  the  value  of  the 

coefficient  of  mass  transfer  and  by  a  concentration  difference  ol  hy  j 

a  difference  in  the  partial  pressures  (elasticity)  of  the  saturated 
water  vapor1  directly  in  moist  surface  ?n.  and  at  certain  distance 
from  it,  out  of  boundary  layer  et. 

FOOTNOTE  Under  conditions  of  icing  the  air  is  usually  saturated 
(or  it  is  close  to  saturation)  uy  water  vapor.  Therefore  in  all 
calculations  is  acceptea  saturation  pressure.  ENDFOOTNOTE. 

First  value  «n  is  detersineu  by  tne  temperature  of  moist  surface 


d 
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t„.M.  tht  second  et  -  temperature  or  flow  on  boundary  layer  edge  tt. 
(The  sees  is  related  it  as  related  also  to  the  iced  over  surf aco,  but 
elasticity  of  vapor  in  this  case  snould  be,  correspondingly,  accepted 
necessary  ice  «„.*). 

Thus, 

</<ji  (e„  ~  et)  •uns'M*, (5. .30) 

Key:  (1).  H/»2. 

where  -  coefficient  or  mass  transfer,  which  relates  to  a 
difference  in  partial  pressures 

-  heat  of  evaporation  in  tne  J/fcg; 


e  -  vapor  pressure  in  M/ii* . 


In  the  case  in  question,  nowever,  it  is  xuch  more  convenient 
during  calculations  to  use  not  tne  coefficient  of  nass  transfer 
directly,  but  to  express  it  tarougn  the  coefficient  of  heat  emission, 
being  based  on  Reynolds's  Known  approximate  analogy  between  heat-  and 
aass  exchange  with  their  joint  course; 


P/i  ~  ‘o’  r  R  T  *  (5,  31) 

11.1  II  * 

where  the  indices  "vl"  are  related  to  hunid  air,  "  v.p"  -  to  wat^; 
pair. 


In  view  of  relatively  low  coucentration  cf  vapor  in  the 
temperature  range  which  interests  us  it  is  possible  to  accept: 
q;  Co,*  =5* c  ;  p-*i*“p.  laen,  taxing  into  account,  that 


Qb.  n 


^b.  n7*  Pb.fl  a  Q 

vapor  /?//?„.„  =  0,fi22,  we  have 


where  a  /.elation  of  gas  constants  of  air  ami  watsr 


h 


0,622a 

cpp- 


(5.31a) 
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Consequently, 


_  0,622a/.  „  t’n — 1 1 

<?>I  cp  p 


30a) 


Further  should  be  consiaocea  the  part  of  the  heat,  compensate! 
due  to  the  high-speed/velocity  heating: 


0,622a/.,  ei,A  -  *i 

=  — - — 


(5.  32) 


Hera  -  saturation  pressure  which  corresponds  to  the 
equilibriua  temperature  cf  moist  surface. 

Elasticity  of  vapor  on  tu«  boundary  of  boundary  layer  is 
determined  approximately  iron  the  relationship/ratio 

p 


<t  =<• 


p* 


(5.  33) 


Ik f&tiZJS&tasSBt&L 


]• , 
i 


..V"- 
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where  e0  -  saturation  pressure  at  ambient  temperature  t, 


Thus,  the  heat-flux  density,  which  must  be  conducted  to  surfac 
for  the  compensation  fcr  heat  or  Vaporization,  oust  be  equal  to 


(  5.  .!•»( 


Calculation  of  the  heat  or  neatmg  the  absorbed  by  water  and  crystals 
of  ice. 


Duriny  the  steady  neat  exonaage  evaporating  water  from  surfac; 
is  accompanied  by  its  heatiuy  rtom  ambient  temperature  to  the 
temperature  surface.  In  this  case  one  should  consider,  besides  the 
heat  of  high-speed/velocity  heating,  also  preheating  water  due  to  the 
heat  of  the  conversion  of  kinetic  energy  into  heat  with  the 
impact/shock  of  drops  about  surrace  which  will  be  equal  in  the  first 
approximation. 


where  <V  -  specific  heat  or  water. 


Then,  knowing  the  local  intensity  of  the  catching  of  water  at  th- 
patticular  point  of  surrece  G«,  ««  can  determine  the  heat  flux. 


&  f  ;  ’•  i  £k-. . 
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necessary  for  heating  of  water  rroa  its  equilibrium  temperature  to 

the  temperature  of  the  surfaces 

(^*;  m.t"  ~  «)*  (5-  35> 

Page  142. 

For  the  case  of  heating  ue  crystals  of  ice  term  qA  is  divided 
by  two:  1)  during  heating  from  -  tn  -  ~  to  0°C,  where  c*  - 

specific  heat  of  ice,  and  2)  during  heating  from  0°C  to  tn. 
Furthermore,  appears  the  term,  wmeh  considers  heat  of  fusion  of  ice, 
,  La.  Thus,  for  heating  of  the  crystals  of  ice  from  to  /„  (i 

the  necessary  heat-flux  density  is  equal  to 

d.i  1,v  *««)  '*  0)  La\.  (5. 36\ 

5.4.  Design  conditions  for  an  exterior  problem. 

Total  density  of  thermal  flow. 

Utilizing  formulas  (b.l),  (5.34),  (5-35)  and  (5.3b)  the 

preceding/previous  sections,  we  obtain  all  values,  necessary  for  the 
calculations  of  total  heat-flux  density  according  to  formulas  (5.  1) : 
dn  da  dp  J:  dp,  or  da  -  da  dp  q„-  However,  as  it  was  said  in  Section 
5.1,  for  calculation  vita  tae  virtually  real  precision/accuracy  of 
the  heating  of  the  majority  of  the  parts  of  the  flight  vehicles  by 
all  right  aeabers  of  equality  (b.  lb),  in  comparison  with  first  ‘nn, 
it  is  possible  to  completely  disregard.  Furthermore,  it  is  necessary 
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to  keep  in  Bind  that  under  conditions  of  icing  as  the  temperature  o 

* 

surface  *»  and  equilibrium  temperature  U  should  be  accepted  the 
temperature,  which  corresponds  to  moist  surface,  i.e.,  t„  and  <im- 
Then  the  total  density  o £  external  heat  flux  is  equal  to 

• 1  K'v'zL  •’ 

•/..  «i/„  m  —  t\*.i  I  ->  -  — — (5.37.) 

<i>  P  ' 

This  equation  contains  two  uaxnown  values:  t\M  and 


Its  solution,  however,  does  not  represent  woric,  since  with  the 
aid  of  sufficiently  simple  conversion  it  can  fce  given  to  such  form, 
in  which  it  is  net  contained  unxuowns.  For  this  we  find  expression 

fros  condition  qn  -  0  (taming  into  account,  which  in  this  cas  = 
t„.  corresponds  and 


0.622  ‘-Im  -  e} 

Cp  p 


(5.  38) 


Substituting  this  expression  in  (b.  37)  ,  after  seme  conversions  we 
obtain  the  equation  given  auove  in  the  following  form: 


% 


®  On.  0.1 


0,622/.  I, 

CpP 


(5.  37a) 
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This  equality  is  solved  already  without  difficulty,  sines  and, 

consequently,  e«  east  he  prescrined/assigned,  and  t\  easily  is 
determined  from  formula  (b.  b). 
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The  factor 


i  .  Q622L» 


?n  —  ^ibji 


(5.39) 


for  the  first  time  introduced  of  Hardy  [111],  [112],  [113],  consider 
an  increase  in  the  density  oi  total  heat  flow  relative  to  the  densi*. 
of  the  flow  of  convective  neat  taission. 


It  must  be  noted  that  for  tne  snail  values  of  the 
high-speed/velocity  heating  or  surface,  which  correspond  to  rated 
flight  perfornances  for  POS,  in  tne  first  approximation,  it  is 
possible  to  accept  t*i=t,  or  even  (for  estimate  calculations)  t,-tn, 
e,=e0  and  p=p0. 

Finally,  taking  into  account,  that  in  the  tenperature  range 
c„  ^  1000  j/kg«deg  which  interests  us  and  L„  ^  25- lij*  J/kg,  we  have 
=  J  550. 

Cp 

Consequently, 

X  1  -  — — - (5.  39a) 

P 


Dependence  of  heat-flux  density  on  aabient  conditions  and  flight 
conditions. 
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Let  us  examine  how  depends  tae  density  of  external  heat  flux  cn 
the  temperature  of  medium,  flignt  speed  (flew),  height/altitude,  and 
also  local  conditions  fer  the  tiow  around  surface,  in  order  to 
determine  the  severe  (calculation)  conditions  under  which  value  qn 
will  be  maximum. 

The  effect  of  the  range  or  tne  calculated  temperatures  cf  icing 
does  not  require  the  special  explanations:  both  the  convective  hea~ 
emission  and  heat  emission  for  evaporation  grew/rise  with  an  incr_jasi 
in  the  calculated  range  of  temperatures  of  icing,  i.e.,  than  that 
lower  prescribed/assigned  t  ^ ay  those  is  required  high  heat- flux 
density  <?„ 

Dependence  q„  on  the  calculated  value  of  the  speed  of  flow  ir 
more  complicated:  to  the  larger  speed  of  flow  V0paoi  corresponds  the 
high  value  of  heat-transfer  coeincient,  but  at  the  sane  time 
temperature  drop  (  other  conditions  being  equal,)  t„  hA— t'  is 
decreased  as  a  result  or  the  mcrease  At*,,  which  increases 
proportional  to  the  square  or  speed,  as  that  follows  from  formula 
(5,4).  As  a  result  their  product  ‘fajj a  (*»  »4  —  f*)  with  certain  valu^ 
has  *  maximum. 


ptaXftrraWi 
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Dependence  q^  =  a  has  tne  similar,  but  flatter  character  of 
curve  with  the  saxiaua,  sairted  to  the  right  in  comparison  tilth  curve 
</u.  the  location  of  this  maximum  along  the  axis  V0  somewhat  depending 
on  prescribed/assigned  tlignt  altitude. 

Altitude  effect  on  the  calculated  value  cf  heat-flux  density  is 
expressed  in  the  fact  that  the  value  of  heat-transfer  coefficient 
and,  consequently,  also  Qa<  as  tnis  follows  frcm  Section  5.2,  with 
height/altitude  is  decreased,  in  tne  case  of  turbulent  boundary  layer 
it  is  proportional  to  the  aegree  or  0.8  ratios  of  pressure  at  the 
heights/altitudes  in  question:  ( pi;T  *, (where  H2>H,,  whereas  heat 

of  vaporization  is  inversely  proportional  to  degree  of  0.2  of  this 
sense  ~  <7b» ( •  As  a  result  with  an  increase  in  rated  altitude 
H „„„  the  total  quantity  or  neat-fiux  density  <?„  somewhat  is 
decreased,  and  maxima*  <?„  (V , pj,Cm)  is  shifted/sheared  to  the  right  (sec 
example  of  5.1  and  Fig.  5.8b). 

From  the  given  example  it  is  evident  that  calculated  value  ,qn 
corresponds  to  minimum  tateu  altitude  of  flight  in  the  speed  of  flow 
on  the  order  of  150  m/s. 

The  distribution  of  tue  necessary  heat-flux  density  according  to 
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profile/airfoil  qu  (S)  usually  corresponds  to  the  diagram/curve  of  thr 

< 

local  pressures  p.  In  fact,  tne  .Local  value  of  coefficient  a  and 
expression  toirow  change  v,  (since  Vx  =  r„ (  i  —p). 

It  is  logical  that  as  tne  calculated  distribution  of  the  value 
of  heat-flux  density  dn  (S)pa«  suuuia  be  accepted  the  envelope  for 
curves  <7„  (S),  obtained  for  severar  flight  conditions. 

Change  </„(.?)  in  the  span  of  asual  wing  cr  tail  assembly,  as  a 
rule,  is  saall,  it  sonewnat  grows/rises  from  one  root  to  in 
accordance  with  certain  .increase  or  average  heat-transfer 
coefficient.  For  the  delta  -ing  or  change  qn  (z)  in  spread/scope  it  can 
be  considerably  greater. 

Distribution  <?„  according  to  a  radius  cf  propellers  is 

obtained  in  accordance  with  a  caange  in  the  circular/neighboring 
speed  of  the  flow  around  oraues/vanes.  Since  in  this  case  dependence 
</n  examined  above  on  V0  remains  valid  then  at  the  length  of 
blade/vane  usually  is  iraxiaua  qn 0r)n,«.  which  corresponds  to  the  cross 
section  in  which  peripheral  speed  K  has  value  on  the  order  cf  150 
m/s. 

Pinally,  one  should  again  emphasize  that  everything  said  above 
is  related  to  the  density  of  external  (surface)  heat  flux  <7„  The 
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density  of  internal  thermal  flows  and  its  distribution  depend  on  type 
and  construction/design  or  deicer,  thermal  leakages  and  the  like  and 
can  considerably  exceed  Qn 

Page  145. 

Heating  the  partially  moistened  surface.  Concept  about  flowing  tn  ? 
water  film. 

The  dependences  examined  anove  are  related  to  the  completely 
moistened  surface.  However,  tne  specific  sections  of  the  surface 
shielded  from  icing  in  the  rone  or  flowing  in  are  wet  only  partially, 
in  this  case  the  temperature  or  ary  sections  proves  to  be,  naturally, 
higher  than  moist.  As  a  result  mean  temperature  of  the  heated  surface 
will  be  between  C,  and  Cm  (for  a  metal  covering  it  will  correspond 
to  certain  averaged  temperature  wmch  will  be  established/installed 
due  to  the  thermal  conductivity  of  metal).  In  ether  words,  ir.  order 
to  heat  to  the  prescrifcea/assignea  temperature  the  partially 
moistened  surface,  is  requires  less  heat-flux  density.  This  decreas- 
in  the  first  approximation,  is  proportional  to  the  relation  to  the 
surface  of  moist  sections  to  an  entire  surface,  which  can  be  taker, 
into  consideration  in  calculations  by  the  introduction  of  the 
corresponding  coefficient. 
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Let  us  examine  flowing  tne  hater  film,  which  is  formed  as  a 
result  of  the  catching  oi  me  drops  of  water  by  the  surface,  heated 
to  positive  temperature.  Oa  it  it  is  possible  to  isolate  two  zones: 
the  zone  of  the  catching  or  drops  Syjl  (examined  in  chapter  IV)  and 
the  zone  of  the  flowing  in  of  water  S,.  For  the  deicer,  designed  for 
complete  drainage,  these  two  zones,  determined  for  heaviest  design 
conditions,  must  in  sum  compose  extent  of  the  zone  of  heating 
5»^(Syjl  r  S,)Bin  (Fig.  5.5a).  hut  it  value  S,  proves  to  be  less,  than 
will  be  formed  barrier  ice. 

The  fundamental  parameter,  wnich  characterizes  flowing  the  film, 
is  the  flow  rate  of  the  water  tnrough  the  cross  section  of  film  Gn1 
on  1  m  of  the  length  ( spreaa/scope)  of  the  surface: 

®i m  (5.  40) 

where  „<?.  -  water  density; 

^na  *  thickness; 

Pni  -  speed  of  film  aveiage/Bean  over  cress  section. 

If  they  was  not  the  losses  or  water  as  a  result  of  evaporation 
and  blowing,  then  local  rate  of  discharge  GM  (S),  beginning  from 
leading  edge  and  to  the  ena/lead  or  the  region  of  catching,  would 
grow/rise  (curve  1,  Fig.  5.  bo),  as  a  result  of  evaporation  (S)  it 
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decreases  (carve  2)  ,  and  wuen  oiowmg  off  of  the  part  of  the  water  is 
present,  this  decrease  will  oe  eveu  more  considerable  (curve  3) .  The 
flow  of  file  continues  until  decreases  tc  zero  or  until  water 

will  achieve  the  boundary  of  heating.  In  the  latter  case  this 
boundary  flow  rate  <3n*(S«)  characterizes  the  pcssiole  initial 
intensity  of  the  forma tiou/educaticn  of  barrier  of  ice1. 

FOOTNOTE  *.  In  proportion  to  tne  increase  of  barrier  ice  it  itself 
can  become  the  object  cr  the  aitcct  catching  cf  drops,  as  a  result  of 
which  the  intensity  of  its  rormdt*cn/education  grows/rises. 
ENDFOOTNOTE. 

Page  146. 

As  is  known  ].  there  are  three  flew  conditions  fluid 

films  over  rigid  surface  depending  on  Reynolds  number: 

Re„,  =  -n^  =  -^.  (5-41) 

When  Ren.,  to  20-30  -  flom  laminar,  when  RenJ,  >  30  -  the  flow  has  wave 

laminar  (pseudo- lami na  t)  cnaractei,  when  RenJ1  order  1500  and  more  -  a 
flow  becomes  turbulent. 


fL  .  . .  ..  .  • . — . :  .  ^1-  jjfiL-;  ..  •  -  - 
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a) 


Fig.  5.5.  The  diagran  c£  tue  process  of  the  spreading  of  the  water, 
recovered  by  the  prof ile/airroii:  a)  the  zone  of  catching  and 
spreading  of  the  water;  fc)  a  quantity  of  the  water:  1  -  without 
talcing  into  account  the  losses;  r  -  taking  into  account  the 
evaporation;  3  -  taking  into  account  evaporation  and  escape. 

Key:  (1).  top.  (2).  Film  or  water.  (3).  Boundary  of  heating  zon*-. 
(4).  base.  (5).  Barrier  ice.  lb),  oiagram/curve  of  quantity  cf 
absorbed  by  water. 
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Page  147. 

It  is  easy  to  ascertain  taat  with  icing  even  under  conditions  cf 
the  greatest  calculated  water  content  and  even  without  taking  into 
account  the  losses  of  water  Re,„  it  has  a  value  which  completely 
corresponds  to  the  region  of  stream-line  conditions  (for  example,  for 
the  quantity  of  absorbed  Dy  water,  obtained  in  example  of  4.1,  number 
R^n-n  of  the  account  of  losses  it  composes  a  total  of  about  2«10“6)  . 

for  approximate  solution  or  tne  equation  of  motion  of  film  let 
us  accept  the  following  assumptions:  in  view  cf  the  small  thickness 
of  film  surface  we  consider  fiat/plane;  by  the  speed  of  film  in 
comparison  with  air  speed,  and  also  gravitational  forces  and  inertia 
of  film  in  comparison  wim  tne  motional  force  of  airflow 
negligible.  In  this  case  the  equation  of  moticn  of  Navier-Stckes  for 
a  thin  film  will  take  toe  fora 

(5.42) 

under  the  following  bounuary  conditions: 

on  body  surface 


y  “  o,  fIul  (0)  o. 


(5.  43a) 
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on  the  outer  edge  cl  tne  rilu 

y  =  A*,.  I*.  -  / n>.  (5.  136*>1 

where  p.  -  dynamic  viscosity  or  water, 

frV  -  stress  of  friction  or  airflow. 

Its  solution 

o»Ay)~f tp-jj;  (5.44) 

corresponds  to  the  linear  law  or  speed  change  in  the  thickness  of 

film.  Consequently,  speed  on  toe  outer  edge  of  film  is  equal  to 

(5.44a) 

and  the  speed 

(5-446) 

average/mean  over  cross  section. 

faking  into  account  aguanty  (5.40),  express  is  speed  and 
thickness  of  the  film  tnrough  tne  flow  rate: 

0tu{6)ssV^^  (5  45) 


and  respectively 
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The  obtained  parameters  to  a  considerable  extent  depend  cn  the 
speed  of  flow  and  temperature  or  cue  film  of  water.  So,  the  thicfcness 
of  film  decreasesinver seiy  proportional  to  the  local  velocity  of 

airflow  v,,  since  frictiou  stress  is  equal  to: 

V\ 

ftp  ~  ^1®  ~2~  •  (•*'•  47) 

where  cf  -  the  coefficient  of  friction.  It  is  decreased  alsc  with  ai. 
increase  in  the  temperature  or  ins,  since  the  viscosity  of  water 
depends  substantially  cc  tne  temperature  (see  Table  5.1). 

Experiments  which  were  oemg  carried  out  by  the  authors  of 
present  chapter  on  the  special  installation  (Fig.  5.6),  which  mad.  it 
possible  over  vide  limits  to  assign  GM,  initial  thickness  6n„, 
temperature  of  surface  and  the  speed  of  airflcw,  confined 
sufficiently  well  the  validity  or  the  obtained  approximate 
dependences. 
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Fig.  5.6.  The  installation  diagram  for  the  investigation  of  flow  of 
water  on  the  surface:  1  -  aujustao^e  slot;  2  -  section  of  the 
heating;  1  -  theraocou pie;  w  -  air-pressure  head;  5  -  tank  with  the 
water;  6  -  tap/crane,  which  controls  water  supply;  7  -  flow  meter; 

-  header;  9  -  Plexiglas  uuct;  lo  -  interchangeable  shaped 
insert/bushing;  11  -  panel  ror  tna  catching  of  the  spray  of  the 
water;  12  -  motion-pict ure  camera;  13  -  thermometer;  14  -  pressure 
chamber. 

Key;  (1).  To  manometer.  (2).  Tc  current  source. 
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Table  5.1.  Viscosity  of  water  at  different  temperatures. 


m  i 

Tewneparypa  n  °C  j 

o  1 

1 

1 

10  |  20 

! 

30 

40  | 

so 

60  | 

70 

!  80 

1 

90 

^l&»SKOCTb  •  I 

H-CtK  Im*  j 

1790 

1310  1000 

K 

660 

j  550 

1 

470 

405 

1  1 

i  355 

1 

315 

Keyr  (1).  Temperature  in  °C.  (i).  Viscosity  N*s/m2. 

Page  149. 

Experiments  made  it  possiuxe  to  also  have  representation  about  thc- 
effect  of  the  wettability  or  surrace  on  the  flow  of  film  and  about 
phenomenon  of  blowing  water  in  uependence  on  factors  indicated  abov-. 
As  a  result  of  these  in vestigations  was  obtained  the  picture, 
familiar  to  many  researchers,  carrying  out  ty  yuestions  of  the 
catching  of  drops  (Fig.  b.7aj;  in  the  nose  section  of  the  oody  film 
continuous,  then  it  is  disrupteu  to  separate  bands,  separate  cf  Hieni 
can  apply  to  considerable  distances. 

This  decrease  of  quantity  or  water  due  tc  blowing  it  would  be 
possible  to  consider  with  the  aid  of  certain  coefficient  £„  then  the 
local  flow  rate  of  water  in  tils  in  the  presence  of  blowing  is  equal 
to 

Gn„(S)  -  UG„(S)mtl 
(5.  4*) 
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•here  (S)IW  -  an  expenditure  without  taking  into  account  losses 

for  blowing. 

Thus,  qualitatively  character  5 (S)  will  take  the  form,  shown  m 
Pig.  5.7b  (twisting  I,).  However,  to  quantitatively  estimate  value 
=■  is  very  difficult,  since  very  is  difficultly  to  experimentally 
determine  separately  losses  rrom  evaporation  and  blowing,  in  to  th- 
saae  value  of  blowing  tc  a  considerable  extent  depends  on  particular 
factors  (wettability  ana  temperature  of  surface,  the  form  of  body, 
flight  conditions,  the  conditions  for  flow,  etc.). 
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Fig.  5.7.  Character  of  the  wettability  of  the  heated  surface 
conditions  of  the  icing:  a)  tuc  visual  picture  of  the  course 
filn  of  the  eater;  b)  tentative  values  of  the  coefficient  of 
on  the  surface  of  metal  covering. 


Key:  (1).  Flow.  (2).  Point. 


Page  150. 


under 
of  th-' 
humidity 


Relative  value  of  the  moist  sections  of  surface  yields  to 
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quantitative  evaluation  considerably  more  easily,  since  it  is 
determined  by  direct  observation  and  can  be  expressed  through  another 
coefficient  which  can  be  oamed/called  the  coefficient  of  the  humidity 
(or  wetting)  of  surface  i  |?J1  (it  is  equal  to  the  ratio  of  moist 
sections  AS,*,  in  the  zone  in  question  to  an  entire  area  of  this  zor.2 
AS,): 


Of  the  picture  described  aoove  of  the  flew  of  film  it  fellows 
that  in  the  nose  section  or  tue  uody,  approximately/exemplar ily  in 
the  limits  of  the  region  of  catching  I.  then,  beginning  from  th« 

boundary  of  the  region  of  catcniog  and  further,  its  value  shamly 
decreases  (curve 

Quantitatively  this  decrease  as  coefficient  ».  it  d<--p  *=■:'.  Is¬ 

on  many  factors.  For  exaiple,  in  connection  with  lifting  surfaces 
with  metal  covering  it  is  possiole  to  accept  value  beyond  the 

limits  of  the  region  of  catcmug  in  average/mean  erder  0. 2-0. 3. 

Consequently,  during  tue  calculation  of  surface  density  1  of 
heat  flux  </„  beyond  the  Units  or  the  region  of  catching  it  is 
necessary  valae  to  multiply  by  *,„• 

FOOTNOTE  •.  With  the  calculation  or  that  applied  of  from  within  h-Mt 
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it  is  necessary  to  consider  tnat  at  the  end  of  the  zone  heating  th- 
density  of  internal  flew  can  oe  substantially  higher  than  surface 
one,  as  a  result  of  the  leakages  or  heat  beyond  the  limits  of  flit 
warmed  casing  (see  Section  b.4)  .  xtiDFCOTNOTE. 


After  designating  it  %>  let  us  nave 


Qp 


?  0623L, 

1  p 


(5.  50) 


Should  be  focused  attention  on  the  fact  that  the  convective  tor  it 
in  this  case  does  not  cnange,  since  calculated  teeperature  drop 

will  remain  tne  same  as  when  »M  =  I-  As  a  result  tii  = 
necessary  density  of  heat  in  cue  zone  of  flowing  in  will  be  equal  *0 


^n-  .1  ”  Qa  ""  »b.W»  ~  9a  4*  <Jb-  "  (5-  51) 

Opening  the  expressions  of  values,  entering  this  formula,  it  it 

is  possible  to  represent  in  ctner  lorn 


</u  i  —  *  {tn  «.t  —  O 


1550  e„  —  !’i 


(5.  51a) 


where  X '  =  1  s».n  — -  tms  the  same  factor  (5.39),  but  with 

P  ln.  b.i  ~  U 

consideration  the  coefficient  ot  tne  humidity  of  surface. 


Example  5.1.  To  cutain  taw  dependence  of  heat-flux  density  cr 
profile  of  the  wing,  examined  m  example  of  4.1  with  the  follcwir.  j 
data:  H=1000  a,  Vo=150  m/s,  -30 C.  |»„  M|wc,  - 
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Page  151. 

Let  us  examine  vn  tot  tue  zone  of  catching  Sy»  and  zone  o *' 

flowing  in  s3..  In  limits  syi  ~  u.06  or  m  we  accept  roundedly  cr=500 

C 

W/m*deg.  Prom  Pig.  4.18b  and  in  we  have  p=-1.4  and  Vt  =  2 JO  m/s, 
further  according  to  formula  lb.  oj  we  determine  t*t=-J0<- 150/2000 
[  1-0.  12(230/150)*]  K  =-22°C.  nocal  pressure  /> p*  -  where 

V'{  ICQ  3 

=  o  y=  U— -  =  12400  N/m*,  consequently  p=90*  10>-12.  4*1 0*x  1. 4  =  72,600 

ll/m*.  According  to  formula  1 5.33)  <^  =  38  72,6  00/90,0  00  =  3  0.7  N/m2  and 
according  to  formula  (5.J*a)  X=  )«■  )o50/72,600  *6 1  0-3 1/0-22=  1 . 57. 

Thus,  the  average  tlux  density  of  heat  in  the  limits  of  the 
region  ir.  question  is  equal  (formuia  5.37a)  «„  ~  500  [0-(-22)  ] 

1.  57=17,300  »/■*. 

Heat-flux  density  in  tne  region  of  flowing  in  v„  we  deterrir.  •> 
taking  into  account  the  tact  mat  the  surface  will  not  be  completely 
wet,  i.e.,  according  tc  formulas  (5.51)  cr  (5.51a),  accepting  {*,  =  0.3. 
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0  2  *  f  8  W  S  % 

«) 
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Fig.  5.8.  Necessary  density  or  the  surface  heat  flux:  a)  density 
distribution  according  to  tne  enclosure  cf  prcfile/airf oil  (along 
chord);  b)  the  dependence  or  tne  average  density  of  heat  on  speed  an 
flight  altitude. 


Key:  (1).  K/m*.  (2).  m/s, 
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The  placenta  of  accomplishing  calculations  we  will  obtain 
density  distribution  heat  ricw  according  to  prcf ile/airfoil  ?n(S), 
shown  in  Fig.  5.8a. 


For  a  comparison  cn  it  is  aiv«n  curve  <fci  for  the  case  cf 
complete  wetting  f>. 
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Example  of  5.2.  Tc  caicuiate  ro r  the  conditions,  examined  in  t 
preceding/previous  example,  aveiage/mean  heat-flux  density  f„  ir. 
liaits  of  S*10o/o  for  H=1ddo  ui  and  8000  m,  accepting  conditionally 

1  ilUl  ~  I 


The  results  of  calculations  (tor  H=  1000  a)  are  brought  to  raM 


V,  Mice*  rt  ’ 

100 

150  ! 

200 

n.  :pad  ft) 

310 

430  1 

490 

Vi  m  ceK  0 

168 

209  | 

259 

Yx  °C 

—26.4 

—21,6 

-14 

\ 

;  i,43 

1,54 

j 

1.85 

q„  am/.*'1  fV ) 

|  12  900 

M  300  j 

12  700 

i 


no 
5.  21 


no 
5.5 
no 
5.  39 
no 
5.  37a 


ijjopsiy.ie 

<j»pMy.ie  j 


4»pMy.ie  I 

(Jwpwyjie/ 


Key:  (1).  a/s.  (2).  W/m*  ueg.  (j).  According  to  formula.  (4).  a/si*. 


They  are  analogous  caicuiatioc  we  make  for  H=3000  ra.  Depend  ~-r.ce 
9n  for  this  example  on  llxgftt  speed  with  H  =  100C  m  and  H=8000  m  is 

given  in  Fig.  5.8b. 


5.5.  Calculation  of  the  temperature  of  moist  ana  dry  surfaces. 


Temperature  of  moist  surface. 

Equality  (5.37)  maxes  it  possible  to  obtain  the  dependence 
between  the  temperature  ct  moist  and  dry  surfaces,  which,  as  showr. 


**'•  '■'***  T  '¥ 
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below,  considerably  facilitates  calculation,  and  testing  de-icing 
systems.  With  dry  surface,  as  it  rollows  from  (5.2),  <?„  ~a(*.i  —  *,’)• 
Substituting  this  expression  into  equality  (5.37),  we  have 

a  (/,,  t\)  -  a  (/,,  ;  °'62c2a4“  (5. 52) 

LQ  P 


also,  after  elementary  conversions,  taking  into  account  (5.38): 

U.b22L„  t'n  e\ 


(5.  53) 


Equations  (5.38)  and  (5.53),  tnat  contain  in  terms  of  two 
interdependent  variable/alternating,  are  solved  by  the  method  of 
successive  approximations.  For  example,  as  first  approximation  it  i. 


possible  to  accept:  for  f,,..,  =  -V-,  end  for  fr  = 


r- . i 

_ fn  +  fl  * 


2  i 


Page  153. 


Substituting  them  in  initial  equations,  we  find  appropriate  values 
e\ tl  or  ea,  through  them  we  uetermine  the  temperature  in  second 
approximation/approach  and  i.e.,  until  the  results  of  the  subsequent 
solutions  coincide  between  themselves  with  the  required 
precision/accuracy . 

The  temperature  of  moist  surface  both  tn  M,  and  <!,„  can  be 
computed  also  according  to  the  following  formula,  obtained  on  the 
base  of  approximation  by  paranoia  (A  bt  -f  Bt*)  cf  the  dependence  of 
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vapor  pressure  on  the  temperature: 

4BJ1  =  i[l  (65^10'^  B)*-  4BA  - 65p •  1  O'*  |  -  J .  (5.  54) 

where  H  =  610  —  ex  —  65p-  (for  equilibrium  temperature  respectively 

V„  =  and  4  =  Regaining  coefficients  semewhat  depend  cn  th< 
range  of  temperatures.  For  example,  for  4m  from  -20  to  0°c  3  =  46.7 
and  V  =  0. 97 ;  for  4m  from  -1o  to  t15°C  B=S0.5  and  V=1.5. 

Temperature  drop  in  the  dry  surtace. 

The  solution  of  the  reverse  problem,  i.e.,  the  determination  of 
temperature  or  a  temperature  arep  is  dry  ir.  the  surface  through  the 
value  of  the  temperature  drop,  wmch  occurs  under  conditions  of 
icing,  is  convenient  tc  iunin  with  the  aid  cf  the  coefficient, 
analogous  the  coefficient  x  examined  above,  expression  (5. 19)  .  For 
this  we  convert  equation  to  the  following  form: 

A 4  -/.-<»  (4. «-/.)( I  +  ?•—=■  ~^e\-  )  = 

•  =(4m-4)X„  (5.53a) 


where  the 


coefficient 


*B~  <t 

4m-<!  ' 


(5.  55) 


Coefficient  Xt  is  characterized  ny  from  X  fact  that  the  temperature 
drop  in  it  is  related  net  to  tne  equilibrium  temperature  t*I#  but  to 
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the  temperature  of  flow  tt.  Coeincient  of  xt  is  shewn,  in  how  oft -r. 
a  temperature  drop  in  the  dry  surrace  must  be  the  more  than 
appropriate  temperature  drop/juxp  in  the  moist  surface. 

Example  of  5.3.  To  determine  the  (see  example  of  5.1) 
temperature  drops/jumps  maximum  in  the  limits  of  heating  surface  of 
wing  profile  with  Uvuch~  — ao^C, /„.  M  =  o“C.  v0=1 50  m/s,  H=1Q00  m.  From  Fig. 
4.18  we  see  that  the  maximum  1^  =  230  m/s  corresponds  S— 2o/o  chord, 
this  point  p~ — 1.1,  according  tc  formula  (5.3)  we  determine 
t|=-45.3°C.  He  further  find  through  formula  (5.55)  coefficient 
x,  -  1  -f  **  I-28-  Ccnseguentiy ,  a  maximum  temperature  drop  in  t  li 

dry  surface  at  the  point  or  protiie/air f oil  in  question  must  be 
Stla  46.3- 1.28  =  5r  C. 

Page  154. 

The  maximum  speed  of  flight  (fiow)  ,  at  which  is  possible  the  icir.u  o 
surface. 

Utilizing  equation  (5.3d)  in  connection  with  the  equilibrium 
temperature  of  the  iced  ewer  surface,  it  is  possible  to  rate/estimat 
the  maximum  speed  of  flight  (anliow)  V'.,  np,  at  which  ceases  th-=  i  c:  i  r. 
of  unheated  surface  due  to  aign-speed/welocity  heating,  i.e. , 
temperature  reaches  0°c.  Substituting  in  (5.  18)  expression  C, 
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for  t\ M  and  equalizing  its  0,  and  also  accepting  for  simplif icat icr 
V,=V0#  have  the  approximate  equality 


0  —  T 


■1  T  « 
2r„ 


0fi22L,  «■„— l-, 

cp  p 


(5.  56) 
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Taking  into  account,  tnat  in  this  case  en  *  610  40  «/■*,  we 
obtain 


V  =  --  1 

r  fl.  np  ^  f 


2o>  i/  0/>22l„  bit)  -  ,, 


<> 


(5.  57) 


As  can  be  seen  froa  this  expression,  value  Vfl.np  for  different 
sections  of  the  iced  over  surrace  as  different.  Minimum  value  I’^np 
is  obtained  for  the  leading  edge  wnere  p  and  tt  have  the  greatest 
values,  and  vice  versa,  tor  preventing  ice  at  the  points,  which  1m v* 
minimum  p,  is  required  considerably  high  maximum  speed,  especially  at 
high  altitudes. 


Formula  (5.57)  makes  it  possible  to  determine  maximum  radius 
Ra.  np  of  the  icing  of  screw/ptopelier  at  one  cr  the  other  temperature 
of  the  air: 

=  (5-58) 

where  u  -  angular  velocity  ot  rotation  of  screw/propelier. 

In  fig  5.9  is  given  dependence  on  anbient  temperature  a4- 

different  flight  altitudes  lor  a  leading  wing  edge  and  for  the 
surface,  in  parallel  streamlined  with  flew  (plate) ;  while  in  Fig. 

5.  10  -  dependence  cn  t0  rot  the  helicopter  rotor  blades  of 


■iff. 
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Fig.  5.10.  The  maximum  radius  o t  tae  icing  of  the  blade/vane  cf 
carrying  propeller  of  tne  ueiicoptar  of  Hi-4  while  hovering  undrr 
conditions  of  the  artificial  iciu^  (are  shown  experimental  points). 


Key:  (1).  on  leading  ed*t.  (i).  on  upper  surface.  (3).  on  lower 
surface. 
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Page  1S6. 

Teaperature  of  the  surface  of  glass  with  jet-edge  protection. 

As  has  already  been  aentioned  in  chapter  III*  the  principle  of 
jet-edge  sere  sea  glasses  it  consists  in  the  joint  thernal  and 
■echanical  effect  of  external  hot  jet  on  the  filn  water*  which  is 
forned  on  surface  as  a  result  of  settling  to  it  the  drops  in  flight 
under  conditions  of  icing  or  rain.  Effectiveness  of  the  jet-edge 
protection  is  deterained  by  the  teaperature  and  by  jet  velocity. 

With  the  heating  of  surface  by  external  jet  a  quantity  of  water* 
evaporated  froa  the  unit  of  surface  per  second,  is  deterained  by  the 
dependence 

Q  _  °'622a  *"  C— P.'H  crp  .  (5  59) 

*  cp  P  ’ 

where  «„. *  —  saturatioa  pressure  at  teaperature  of  the  aoist  surface 
of  glass  U. 

/Vn.crp  —  elasticity  of  vapor  at  teaperature  of  hot  jet  4tP, 
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detec  lined  froe  the  relationship/ratio,  which  escape/ensues  froi 
(1.9)  and  (1.10|  :  P». „  =  <j*CTp  =  *a.  remains  equal  to  elasticity  of  vapor, 
that  saturate*  sarroeadiag  air. 

Consequently*  with  am  increase  in  the  teiperature  of  jet 
grows/cises  difference  e„.c  — ««.  Furthermore,  an  increase  in  the 
teiperature  of  most  water  fill  favors  its  blowing  as  a  result  of  the 
decrease  of  viscosity/ductility/toughness.  Analogous  effect  gives  the 
increase  of  jet  velocity  -  in  this  case  grows/rises  the  heat  eiission 
and,  consequently,  also  the  intensity  of  evaporation  and  increases 
■echanical  effect  on  file  and,  consequently,  also  its  blowing,  in 
particular,  under  the  joint  influence  of  the  paraaeters  indicated  is 
decreased  the  thickness  of  the  fill  [see  expression  (5.45)  ],  thanks 
to  which  it  sore  rapidly  is  displaced  into  separate  brook*  (i.e.  it 
is  decreased  the  coefficient  of  the  huiidity  of  surface  which 

already  by  itself  leads  to  an  iipcoveient  in  the  visibility. 


The  relationship/ratio  between  the  teiperature  of  the  dry  and 
■oist  surface  of  glass  is  determined  by  the  equation,  analogous 
(5.53): 


^C.  BV!  — 


0.6221.  (.  e  —  C) 


(5.53#) 


where  /*  _  teiperature  of  the  surface  of  dry  glass. 


DOC 


=  79116308 


PAGE  jtr 


Speed  and  teaperature  of  jet  as  is  known  |Ar[^1  ],  they  ate 
connected  with  specific  relationship  and  depend  froa  distance  of  S  to 
nozzle  edge.  Ia  this  case  for  deter sizing  the  local  iaportance  of 
speed  ICT(S)  aad  teaperature  *erp  (Sj  *  of  jet  can  be  in  the  first 

approxlsatloa*  seed  the  dependence  » 


tcTP  (S)~  tj  _  -  V'crp  (S)  ~  W  _ 

»crp(0)~<i  ’  ^  VcTplO)  -^  “ 


0.86 


-- ,  (5. 60) 


where  tt  -  teaperature  and  V  t  -  velocity  of  incident  flow  of  the  air 
above  the  surface  of  the  glass;  <CTp  (0)  aad  ^ctP  (0)  —  teaperature  and 
jet  velocity  in  nozzle  edge;  h  -  height/altitude  of  the  slot  of 
nozzle. 


FOOTNOTE  applied  froa  by  the  liaits  of  the  initial  section  of  jet 
[ 1  ].  EZDFOOTHOTE. 

Page  157. 

Coefficient  a*  can  be  accepted  for  a  slot  jet  egual  to  0.1. 

Iron  foraala  (5.60)  it  follows  that  sorplas  speed 

A  Veto  (S)  -  Vct,  (5)  —  V„  tea  per  a  tare  drop  in  jet  A/^  (S)  =  ^  (S)  —  t ,  is 

higher*  the  greater  sarplas  discharge  velocity  behind  nozzle 

AVCTp  (0)  =  VCTp  (0)  —  V„ which  will  be  in  coaplete  agreeaent  with  the 
physical  representation  about  the  picture  of  flow,  confiraed 


i 
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experimentally.  Consequently,  the  effectiveness  of  jet-edge 
protection  is  nost  high  during  critical  outflow  (for  a  usual  nozzle), 
and  the  zone  of  the  action  ("range*)  of  jet  depends  in  this  case  on 
the  flow  rate  of  hot  air,  i.e.,  on  value  h. 

Fig.  5.11  gives  the  teaperature  slopes  of  surface  along  the 
jets,  calculated  by  foraulas  (5.60)  and  (5.53b) .  For  a  comparison  are 
given  also  the  experiaental  points,  obtained  on  laboratory 
installation  ». 

FOOTROTE  *,  Experiment  was  carried  out  by  engineer  V.  V,  Lonasov. 
ERDFOOTROTE. 
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Pig.  S.11.  Teaperature  of  the  surface  of  glass  with  jet-edge 
protection  (4rp==i56&C;  tl*t#=0°C;  Vo=80  m/s. 

Key:  (1).  calculation.  (2).  experiment.  (3).  Dry  surface.  (4).  Hoist 
surface. 

Page  158. 

5.6.  Estimate  of  the  aagnitude  of  the  zone  of  heating,  necessary  for 
coaplete  evaporation  of  water. 

The  value  of  beet lag  serf ace,  as  it  was  shown  above,  consists  of 
the  zone  of  catching  5.!n  and  sone  of  flowing  in  S,  of  water.  The 
first  of  then  is  deteraiaed  by  the  aabient  conditions  for  the  flow 
around  body  and  does  not  depend  on  type  or  construction/design  of 
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deicer.  The  second  depends  both  on  the  conditions  for  flow  and  on  the 
constcuction/design  of  the  heater  of  surface,  in  this  case  the 
determining  parameter  is  the  tenperature  of  surface  and,  therefore, 
the  corresponding  value  of  the  density  of  the  heat  flow  applied  to 
it.  In  other  words,  the  zone  of  heating  of  the  deicer  of  coaplete 
evaporation  and  the  density  of  the  heat  applied  to  surface  are 
inseparably  interconnected  values. 

The  aethods  of  calculation  of  the  paraneters  of  thernal  deicers 
taking  into  account  the  special  features/peculiarities  of  internal 
heat  supply  are  examined  in  the  following  two  chapters.  Nevertheless, 
for  preliainary  analysis  and  selection  of  one  or  the  other  version 
POS  is  very  desirable  tc  compare  the  systems  in  question  with  respect 
to  the  fundamental  parameters.  As  such  parameters  for  POS  of 
permanent  action  can  serve  the  size  of  zone  heating  and  surface  heat 
flax  Qn  on  1  a  of  spread/scope. 

The  guantity  of  heat  applied  to  the  surface,  which  must  be 
expended  on  the  evaporation  of  the  water  spreading  on  it,  is 

determined  from  the  re la tioamhi p/ratio 

Qfi-Qn  Qa^l,Gy,LH.  (5.61) 

where  Q„  ~  total  heat  flux  is  the  V/n; 

Q< t—  portion  of  heat  flux,  expended  to  convective  heat  emission. 
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in  the  «/■; 

;  _  coefficient  of  quantity  of  water  on  the  surface(see 
section  5.4) 

G,„  —  quantity  of  water  on  1  a  of  spread/scope,  recovered  1  s,  in 
kg/n«sek. 


The  heat  flux  Q  is  the  sui  of  the  products  of  heat-flux 
densities  in  appropriate  sections 

n 

Qn~Qa  2  (?„  -  qa)i-Sr  (5.62) 

During  the  preliainary  (estiaate)  calculations,  for  which  is 
intended  the  aethod  in  guestion,  it  saffices  to  be  restricted  two  to 
the  sections  indicated  above:  Syn  and  S,,  taking  within  the  linits  of 
these  sections  the  average/aeaa  values  of  the  densities  of  the  heat 
and  other  entering  the  calculation  values,  in  this  case  on  the  basis 
of  (5.61)  and  (5.62)  we  obtain  the  following  expression  for 
deter ainiag  the  size  of  the  zone  of  the  flowing  in: 


('/«  ~  7ti)> 


7ii)y.7"V 


(5.  63) 


where  the  value  with  the  index  of  "ul"  -  they  are  related  to  the  zone 
of  catching,  with  the  index  of  "z"  -  to  the  zone  of  flowing  in. 


Page  159. 


The  deicer  of  coaplete  evaporation  aust  ensure  protection  froa 


•  U, 
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ice  at  lowest  prescribed/assigned  (1. e.  calculation)  temperature  of 
air  and,  on  the  other  hand,  prevent  the  foraation  of  barrier  ice  with 
the  aaxiaua  calculated  water  content  (which  occurs  with  teaperature, 
close  to  0*C)  .  Consequently ,  In  formula  (5.63)  total  heat-flux 
density  %  is  determined  iron  formula  (5.37)  for  the  calculated 
tenpermture  of  air  'oP,c  and  prescribed/assigned  teaperature  of  moist 
surface  A  quantity  of  absorbed  by  water  6>  >  oust  correspond  to 

maxisus  calculated  water  content  at  such  temperature  of  air 
with  which  ceases  the  icing  of  surface  (due  to  the  nP>. 
high-speed/velocity  heating,  which  corresponds  to  the  rated  speed  of 
fl ight: 

^0  (.1  nP)  “■  0  —  •Vi,.,.  (5.64) 

For  this  sane  temperature  /rt(  (  in  foruula  (5.63)  must  be 
determined  convective  component  of  heat-flux  density  It  it  is 
possible  to  determine  via  tbe  conversion  of  the  temperature  of  dry 
surface  nP>  -  St„  „„  ■  ■  to  tbe  temperature  of  moist  surface 

Lm  according  to  equation  (5.38)  or  (5.54).  Then  qa  =  a  —  t’„ .  M). 

During  the  calculation  of  total  heat-flux  density  for  the  zone 
of  flowing  in  should  be  considered  the  coefficient  of  the  humidity  of 
surface,  i.e.«  Vn.j  one  should  determine  from  formulas  (5.51). 

It  is  obvious  that  the  calculated  heat-flux  density  cannot  be 
less  than  this  value,  which  provides  (at  a  calculated  teaperatore  of 
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ale,  for  exaaple,  -  -30  cj  the  tupnatan  of  surface  under 

conditloaa  of  icing,  egual  to  0*C,  i.e.  ,  \ta  =  0°  C.  If  in  this 
case  zoae  SA  coaoa  out  undesirably  high  sizes/diaensions,  it  is 
possible  to  decrease  it,  after  raising  the  intensity  of  heating 
surface.  This  caa  be  fulfilled,  as  can  be  seen  froa  expression 

m 

(5.63),  increasing  q„  either  siaultaneously  all  over  heating  surface 
or  in  one  or  the  other  its  zone  when  the  guantity  of  heat,  spent  on 
the  evaporation  of  eater  froa  surface,  sill  resale  constant 

Qflu  ~  Q0 1-  (5.  OS') 

In  general  value  caa  vary  froa  certain  saxiaue  value,  which 
corresponds  --  0.  and  in  liait  to  zero.  The  decrease  of  zona  is 

convenient  to  consider,  after  introducing  the  ratio  of  the 
sise/diaensioa  of  redaced  zone  s,n  to  initial  Sit  in  the  fora: 

5)  || 

ns  =  s77‘  rt  obvious  that  0<  nfi  ^  l. 

increased  heat-flux  density  necessary  in  this  case  with 

/ 

respect  to  initial  density  qPl  caa  be  calculated  as  follows. 

Page  160. 


Proa  condition  (5.65)  we  have 


S>i 


n„ 


(5.65a) 


taking  into  account  expression  (5.34),  and  also  indicated  above  agree 
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<•-.  '  61°  »/»*.  we  deter  wine  value 

7sfc  + 610 '*'«*■  (5  “) 


Key:  (1).  »/■*« 


Further,  on  table  or  graph/diagraa  of  dependence  e=f(t)  we  find 
taupe rature  *«"  corresponding  to  elasticity V »n  and  we  obtain 


finally  (accepting  C  M  ()  ) 


a  Ui.iiii  —  0)  +  </»»• 


(5.  67) 


It  is  obvious  that  the  heat  flax  (on  1  a  of  apread/ecope)  in  the 
second  case  is  equal  to  Q„u  =  as  shown  below,  Q„ii<Qni  Since 

the  heat  flux  for  evaporation  in  this  case  is  not  changed  (condition 
(5,65)  ],  this  decrease  caa  occur  only  due  to  convective  coaponent  of 
heat  flux  <?«-  Let  as  look  how  changes  this  coaponent  with  the 
decrease  of  zone  heating.  The  relation  of  the  convection  currents  for 
the  zone  of  flowing  in  will  he  egual 


(VosJlJ  _  ~  *!■■")  '*» 

Waa)l  (VmI-'im) 


(5.68) 


Approxiaatiug  curve  e„{Q  by  exponential  curve  -  6IOexp 
where  k»0.7  in  the  range  »«  *  +20°  c-  ae  have 


m  ~~  k  On  In  610). 


(s.itj 


Further,  after  using  (5.65a)  and  (5.36),  we  express  en))  la 


fnnctioa 


.  :  -Ji.  Krwfaa.  .  r 
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and  ve  substitute  in  (5.69): 

.  I  (»-",) 

‘n.  BJ>II  -  k  ln  61  On, 


Thus,  the  relation  of  the  convection  currents,  expressed  through 
the  reduction  factor  of  zone,  vill  be  equal 


- 6fiS£ - •  (5‘ 

'n.  R.il  1m  <•  J 


This  expression,  equal  to  one  when  in  proportion  to 

decrease  n*  sonotonically  is  decreased  to  zero  (Pig.  5.12).  The 
obtained  conclusion/output  proves  the  advantage  of  heating  with  an 
enhanced  intensity  of:  with  the  contraction  of  zone  heating,  in  spite 
of  the  appropriate  increase  in  the  heat-flux  density,  required  heat 
flux  (by  unity  of  the  spread/scope  of  surface)  is  decreased. 


Page  161. 


It  is  necessary,  however,  to  heep  in  nind  that  too  intense  a 
heating  can  prove  to  be  inadnissible  fron  the  point  of  view  of 
structural  strength,  furtheraore,  in  this  case  grow/rise  heat  losses 
into  unheated  parts,  which,  decreases  the  effect  of  heat  econoay. 
Therefore  raised  heat- flux  density  should  be  in  reasonable  Units. 
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The  sore  clearly  described  calculation  aethods  let  os  show  based 
on  examples. 

Bxaeple  5.4.  To  deteraiae  (approxiaately)  the  size  of  the 
warned  cone,  necessary  for  the  conplete  evaporation  of  water  on 
profile/airfoil  HACA-0012,  b-3  a  under  conditions  of  icing,  given  in 
exanples  of  4.1  and  5.1. 


The  teaperatare  of  air  aaxiaun  for  the  icing  of  surface  in  the 
flight  conditions  (V„-150  a/s,  H-1000  a)  in  question  for  the  upper 
snail  arc  of  prof ile /air foil  on  the  average  is  equal  to  Wnp>"— 3“C. 
Consequently,  calculated  value  w-~0. 8* 10  *»  kg/a».  Let  us  exaaine 
the  upper  surface  of  profile/airfoil.  In  accordance  with  exauple 
4.1  we  have  sy^>  =  ,JU®  a,  .«»«  ~  O-O?  a,  B-0.09;  therefore  in  the  first 
approxiaation,  we  can  accept 


Ovji.  ■  — 


i  +  Gy« 


eepx 


Syji.  g«pl  4”  Syfl,  HHWH 


60 

‘ao 


EwVJO.  = 

in 


0,09-0,8’  10-*- 150  0,i2  3  «=  2,9- I0"*  «/««•*. 


Key:  11)  •  kg/s»a. 


The  calculation  of  reaaining  values  we  fulfill  separately  for  the 
xone  of  catching  and  zone  of  flowing  in,  taking  the  average/aean 
values  of  these  values. 
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Fig.  5. 12.  Dependence  of  tbe  convective  heat  enission  of  surface  on 
the  degree  of  the  decrease  of  the  width  of  the  warned  zone. 

Page  162. 

Zone  of  catching. 

According  to  forania  (5.$)  >1  =  -'3  +  ^[t~0'l2(®)  ]  *  5#C;  according 

to  fornula  (5.33)  «,  =  490^|jg=3*  B/a*.  Proa  equation  (5.38)  or 

according  to  fornula  (5.54)  we  find  p^oa  exanple  5.1  we 

have  er..y*  =  17300  ■/•*,  ov.,  -  500  ■/■••deg,  hence  we  deteraine 

=5-^-1^?  =  4o°  from  egaatioa  (S.S3)  ee  find  <n.M  =  u*c. 

®  500 

Consequently,^ >..  =  5u>U4-  o.2) -69oo  y/Bc,  fey*  =*  17 300-6800  -=  iowo  v/n*.  The 

value  of  the  coefficient  of  a  quantity  of  water  in  the  liaits  of  the 
zone  of  catching  we  take  £»’=i. 

Zone  of  flowing  in. 


.Jjac.-V  -f  -b»;» 


■  A..  . 
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In  a  siailar  nanner  we  find  t*t®-3*^50/200o)  [  1-0.12(217/150)  *  ] 
*8.  8-3*5.  4®C;  '•  -  =  -ns  >/■•;  'ih"w,,c  The  value  of  heat-flu* 

density  in  the  zone  of  flowing  in  we  accept  on  the  average  (see  Pig. 
5.8)  ^ni_-uoou  */n*  and  value  a=430  B/n**deg  (see  Pig.  5.2),  thus, 
»  .=  o.9-t- -  ~  =  3ioc  aBfl»  therefore,  <n  M  =  n.7*c.  ka  a  result  we  obtain 

430 

<7o,  =  (11,7 — 0,9) •  430  =  4650  8/S*  and  ^)i  “  ^  ®X)  4650  =  6350  •/n*.  In  the  zone  of 

flowing  in  we  accept  J»  =  o,3. 


By  fornula  (5.63)  we  deter nine  the  necessary  size  of  the  zone  of 


the  flowing  in 


_  0,3  2,9  10-*  25- 10* -10400  0,06  „„ 

- S5(J - ~  0,25  m. 


Thus,  the  size  of  the  warned  zone  on  the  upper  surface  of 

profils/airfoil  east  be  equal  to  ■"  5>v  "  5*  0.25+0,06  =  0,31  B 

(SH  =  10% 

Aa t  chord),  and  the  corresponding  value  of  heat  flux  (on  1  a  of 
spread/scope) 

Qa  =  17  300-0,06+  11  000-0.25  *>  3790  «mJm.  ('*) 

Key:  (1).  «/n. 


Bxanple  5.5.  To  deteraine  the  necessary  heat-flux  density,  if 
it  is  required  to  decrease  the  zone  heating  fron  lOo/o  (see  exaaple 
5.4)  to  7o/o. 
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The  zone  of  flowing  in  in  this  case  will  be  egnal  to 


•S',  =  0,07-3  —  0,06  =  0,15 


ir  i.e.  0  n< 


According  to  fornula  (5.6b)  we  deteraiae  <n 


o,6  and  fyi,  =  -jjg-  -  10600  i/a*. 


To  this  value  of  elasticity  corresponds  /„ .  M  .  is.7°c.  Consequently, 

<71111  (15.7  -  0)- 430  -“-^  =17  350  U/B*. 


Since  for  the  air-heat  deicer  to  fulfill  required  density 
distribution  of  heat  according  to  the  enclosure  of  profile/airfoil  is 
difficult,  then  in  this  case  it  is  expedient  to  raise  the  density  of 
heat  in  the  zone  of  catching,  due  to  what  the  density  of  heat  in  the 
zone  of  flowing  in  decreases.  Let  us  assign,  for  exaaple,  value 
v*,"8000  f/B*.  solving  expression  (5.63)  relative  to  value  Vv  have 


„  «  2180-^OOJL5  „  13400  ,m/My  (() 


Key:  (1).  i/a*. 


According  to  fornula  (5.66) 


13  400-72  600  ,  ...  lonft  ,  , 
e"  ^-1550^0- +  610  T  1900 


Key:  (1).  i/a ■ 


heaee  t„  „  -  i7’c.  Coaseguently,  ?n.VA=  i6,8-soo  +  13  400  =  21  soo  l/a*  aad 
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13.3-430  +  8000  =  13  700  W/a*. 

Page  163. 

The  heat  flaxes,  which  correspond  to  the  exaainea  versions  of 
heating,  will  be  equal  to: 

1)  On  =  17  300  0.06  +■  17  350-0,15  =  3640  «m/*.  ?,.) 

2)  Q„  =  21  900-0,06  -f  13  700-0,15  =  3370  a.n/M.  J 

Key:  (1).  I/a. 

Coaparing  thea  with  value  obtained  in  exaaple  5.4,  we  see 
that  at  the  enhanced  intensity  of  heating,  especially  in  the  second 
version,  the  required  heat  flux  soaewhat  decreased.  The  decrease  of 
heat  flux  occurred  due  to  a  reduction /descent  in  its  convective 
coaponent  due  to  the  decrease  of  surface  heating. 

Bxaaple  5.6.  Let  us  coapare  the  deicer  of  coaplete  evaporation, 
designed  in  exaaple  5.4  oa  <«,»«=  -30°c,  with  the  saae  deicer,  but  by 
that  designed  on  *•*** 

Fulfilling  calculation  analogous  with  exaaple  5.4,  we  will 

I  ^ 

obtain  the  following  data:  y„  =  ii  600  i/a*,  ?«y*  =  500°  t/a*,  Vi -  6300 

i/a*  (when  !„  0,3)  and  ?«»  =  3270  |/a*.  since  the  calculated  water 

content  reaained  the  saae  as  in  the  preceding/previous  exaaple 
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(appropriate  np,  -  -3jq.  then  tern  .ri,  -2iw  1/n*  also  reaained 
without  change.  Thus,  we  obtain  s,  - 11-80--  —  «>  0.59  a  and 

s.  =  0.O6 +  0,59  =  o,6S  a*  which  corresponds  5,  «  22s  chord.  Consequently,  in 
this  case  the  size  of  the  zone  necessary  for  coaplete  evaporation 
increased  in  coaparison  with  exaapie  5. 4  wore  than  twice.  This  is 
coapletely  logical,  since  the  calculated  density  of  heat  in  this  case 
is  considerably  lower.  In  this  case  in  contrast  to  the  version 
exanined  above  with  the  reduced  width  of  heating  (exaapie  5.5) 
should  respectively  increase  the  value  of  heat  flux  (on  1  n  of  span) : 

Q„  *  11  600-0,06  +  6300-0.59  =  4420 

An  increase  in  the  heat  flux  in  coaparison  with  the 
preceding/previous  case  occurred  due  to  the  increase  of  convective 
coaponent  in  connection  with  an  increase  in  the  area  of  the  heating 
(since  heat  flux  by  evaporation  did  not  change).  In  fa.c_t 

here  50°  °-06  +  3220  0,59  =  2220  agaiBst  <?o=i5 so  t/*  in  exaapie 

5.  4. 


Proa  the  coaparison  of  the  exaained  exaaples  it  is  necessary 
that  the  deicer  conplete  evaporation,  designed  for  the  teaperatnre 
range  of  air  to  -30°C,  together  with  the  considerably  saaller  size  of 
zone  heating  is  sore  econoaical,  to  say  nothing  of  the  fact  that  by 
the  second  of  then  at  teaperatures  lover  than  -20°C  will  be  generally 
ineffective. 
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5.7.  Calculation  of  the  parameters  of  huaid  air  ia  the  inlet  duct  of 
engine. 

The  calculation  of  the  deicers  of  the  intake  parts  of  the  engine 
is  characterized  by  the  fact  that  the  teaperature  of  air  in  inlet 
duct  can  be  different  relative  to  external. 

Before  exaaining  the  aethod  of  deteraining  airstreaa  data  at  the 
engine  inlet,  let  us  examine  the  following  positions. 

Page  164. 


Proa  theory  of  siailitude  for  TBD  [  TPH  -  turbojet  engine]  it 
is  known  that  actual  flow  rates  of  the  air  through  the  inlet  duct  can 
be  expressed  as 


^\vrm 


(5.70a) 


where  Gnp  -  tbe  given  air  flow  rate  in  the  kg/s; 

!>v  1  -  pressure  in  ll/a*  and  teaperature  in  °K  of  stagnation  air 

flow  before  the  entry  into  the  coapressor; 


DOC  *  79116308 


PAGE 


Ph-''  -  pressure  in  N/a*  and  temperature  in  °R  of  aic  under 

terrestrial  conditions. 

The  given  f Ion  rate  of  air  G,m  is  the  function  of  the  given 
nunber  of  revolutions,  flight  aacn  number  and  area  of  jet  nozzle. 

During  the  calculation  of  de-icing  systems  design  conditions  are 
the  flight  speeds,  which  correspond  to  flight  Bach  number  up  to  0.5. 
In  this  range  of  Bach  numbers  the  given  flow  rate  of  air  (in  the 
subcritical  modes/conditions  of  the  outflow  of  gas)  changes 
insignificantly  and  the  effect  of  flight  Bach  nuaber  on  Gap  can  be 
disregarded/neglected. 

Therefore  as  the  basis  of  the  deter ninat ion  of  airstreaa  data  at 
the  engine  inlet  it  is  possible  to  place  the  dependence  of  the  given 
air  flow  rate  through  the  engine  on  the  given  nuaber  of  its 
revolutions,  obtained  during  bench  tests  or  by  calculation  in 
accordance  with  prescribed/assigned  engine  power  rating. 

The  actual  consuaption  of  the  air  through  the  engine  can  be 
expressed  also  through  airstreaa  data  in  the  coapressor  with  the  aid 
of  gas-dynaaic  functions: 


•‘i 
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Gk  -  m  -P~  Ftq  (^,)  Kz/cel, 
I  T\ 


(5.  706) 


Key:  (1).  kg/s, 

•here  F,  -  cross-sectional  area  of  inlet  duct  in  tTie  a*; 

-  coefficient  of  the  floe  rate  of  air,  which  is  the  function 
of  the  velocity  coefficient  the  table  of  values  of  which  is  given  in 
work  [  1  ]; 


For  air  **0.0403  s«deg°*s/a. 

Equalizing  expressions  (5.70a)  and  (5.70b),  after  conversion  and 
substitution  of  prescribed/assigned  values  Pho  sad  Tm  we  will  obtain 
dependence  for  deteraining  the  coefficient  of  the  flow  rate  of  air 

</('-<)  -•  0,00415  (5.71) 

which  considerably  siaplifies  the  calculation  of  the  actual 
air-streaa  velocities  in  the  intake  part  of  the  engine  at  different 
speeds  and  flight  altitudes. 


The  calculation  of  the  paraaeters  for  "dry"  air  is  produced  in 
the  following  sequence. 
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We  find  the  value  of  the  given  numbers  of  revolutions  for  the  flight 
conditions  in  question  froa  the  expression 

n  t  f  //■>  __  n  V'  ^  17/1 

I  K  I  r;  '  I  rK  ’ 

where  n  -  an  engine  speed  in  r/ain; 


-  teaperature  of  the  stagnation  airflow  in  inlet  duct  in  °K. 


where  r(tl)  -  a  value  of  the  quantity  of  the  ratio  of  the  absolute 
teaperature  of  air  at  flight  altitude  to  the  absolute  teaperature  of 
the  stagnated  airflow  ? %  the  inlet  duct  of  engine,  depending  on 
flight  aach  nuaber  and  deterained  on  the  tables  of  the  gas-dynaaic 
functions; 
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"*■  -  pressure  of  the  stagnation  airflow  before  the  entry  into  the 

inlet  duct  of  the  engine; 

» (ft)  -  the  ratio  cf  the  pressure  of  ataospheric  air  to  the 
pressure  of  the  stagnation  airflow  at  the  engine  inlet,  which  depends 
on  tlach  nuaber  of  flight  and  determined  on  the  tables  of  the 
gas-dynaaic  functions; 

p0  and  T0  *  pressure  and  teaperature  of  the  undisturbed  flow  of 
air  at  given  height/altitude. 

Having  a  value  of  the  given  nuaber  of  revolutions  on  curve 
'  f  (nnD)  for  this  engine,  we  deteraine  the  given  flow  rate  of  air  by 
which  we  further  coapute  the  coefficient  of  expenditure/consuaption 
-!{'■>.  and  in  the  tables  of  gas-dynaaic  functions  we  find  the  values  of 
velocity  coefficients  K  it  should  be  noted  that  coefficient  of 
speed  K  in  each  cross  section  of  inlet  duct,  for  each  flight 
conditions  and  engine  power  rating  it  depends  only  on  the  given  flow 
rate  of  air  and  area  of  the  cross  section  indicated. 

The  values  of  the  air-strean  velocity  in  inlet  duct  we  deteraine 
froa  the  expression 

-  18.3  1,1  T|,  (5.75) 

where  T\  =  T’u. 


-  -  '.'s.  .'a&mw 
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Static  pressure  Pu  and  teaperature  Tilt  of  "dry"  air  in  each 
cross  section  of  the  inlet  duct  of  engine  are  deterained  with  the  aid 
of  the  tables^ojE  gas-dynanic  functions  for  appropriate  values 

where  -  a  coefficient  of  losses  of  pressure  in  the  inlet  duct 
which  can  be  taken  as  egual  to  0. 95-0.85. 

Everything  said  is  correct  only  in  the  case  of  "dry"  air. 
However,  Under  conditions  of  icing  surrounding  air  is  not  "dry",  but 
it  is  saturated  by  water  vapors  and  contains  the  supercooled  drops  of 
water.  This  aoisture,  falling  into  the  inlet  duct  of  engine,  changes 
the  paraaeters  of  intake  air.  4t  the  flight  speed,  saaller  air-streaa 
velocity  in  the  inlet  duct  of  engine,  teaperature  of  air  in  channel 
there  will  be  always  less  than  the  teaperature  of  air  of  the 
environaent  due  to  rarefaction/evacuation,  which  produces  the 
condensation  of  water  vapors  in  caannel.  This  excess  aoisture  will  be 

deterained  by  the  difference 

AM,.,.,  -  (5.76) 

where  -  a  aoisture  content  of  air  in  inlet  duct  in  kg  vapor/kg 
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of  the  air; 

n  -  moist are-content  of  surrounding  air  in  kg/kg. 

Bat  if  the  temperature  of  air  in  the  inlet  dact  higher  than 
aabient  temperature,  then  occurs  the  evaporation  of  the  drops  of 
water  in  channel.  Because  of  this  there  appears  a  shortcoming  in  the 
moisture,  necessary  before  saturation.  This  shortcoming  by  absolute 
value  is  determined  by  the  same  difference  [see  expression  (5.76)  ]. 
Having  placed  the  corresponding  values  f or  'W, amd-WB  n  K,  after  some 
conversions  we  will  obtain 

e„  —  et 

^  WB.  n.  K  -  0,622 - ■  (5. 76a) 

where  ei  -  vapor  pressure,  which  corresponds  to  the  temperature  in 
this  section  of  the  channel; 

PiK  -  pressure  in  this  cross  section. 

To  directly  solve  this  equation  is  not  impossible,  since  is 
unknown  the  actual  temperature  of  air  in  the  inlet  duct  of  engine, 
and  consequently,  is  unknown  value  e<- 

During  calculations  it  is  accepted  that  the  supersaturation  of 
air  by  water  vapors  does  not  occur,  but  is  obtained  condensate  in  the 
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fora  of  the  water  drops  which  increase  the  water  content  of  air  in 
intake  channel  of  engine,  or  with  an  increase  in  the  teaperature 
occurs  the  evaporation  of  water  drops,  which  leads  to  decrease  of  the 
water  content  of  air  in'  this  channel. 

The  value  of  a  change  in  the  teaperature  of  air  during 
condensation  or  evaporation  in  it  of  noisture  for  1  kg  of  air  will  be 
deterained  by  the  following  dependence: 

n-  (®-  77) 

Page  167.  cp 

The  hence  true  value  of  the  teaperature  of  air  in  this  cross  section 
of  inlet  duct  can  be  defined  as 

<i.cr  + A/,  (5.78) 

or,  after  substituting  the  appropriate  values,  we  will  obtain 

p.  i 

,  **  -  n ;; ' 

=  f,  - f  0,622  - -  ,  (5.  78a) 

Cp  Pn 

where  /,  -  teaperature  in  this  cross  section  without  taking  into 

account  of  evaporation  or  condensation  of  water  in  channel. 

This  is  the  equation,  which  contains  two  unknowns:  /<„ c.  and 

is  solved  by  the  aethod  of  successive  approxiaation  analogously  with 
equations  (5.38)  and  (5.53),  aoreover  the  initial  teaperature  of  air 
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in  the  inlet  duct  of  engine  can  be  taken  as  equal  to  *>•  and  after 
finding  for  this  value  (fronTable  1  of  application /appendix)  value 
e“  farther  ve  deteraine  in  second  approximation,  etc.  as  long  as 
the  subsequent  value  of  the  tenperature  of  air  will  not  be  equal  with 
the  prescribed/assigned  precision/accuracy  preceding/previous. 
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Chapter  71. 

Thermal  design  of  electrical  deicers  1 . 

FOOTNOTE  ».  Britten  by  B.  Kh.  Tenishev.  EIDPOOTBOTE. 

In  chapter  III  was  noted  that  the  electrical  heating  of  the 
fundamental  elements  of  airframe  structure  virtually  attain  only  by 
cyclic  method;  therefore  in  present  chapter  the  primary  attention  is 
given  to  the  calculation  of  the  unsteady  thermal  processes  in 
heaters. 

The  thermal  design  of  the  electrical  heaters  of  permanent  action 
in  the  case  of  one-dimensional  problem  (i. e.  without  taking  into 
account  the  leakages  of  heat)  presents  no  difficulties.  However, 
Calculations  by  two-  and  three-dimensional  thermal  fields  even  during 
steady  process  can  be  sufficiently  complicated,  but  these  problems 
easily  are  solved  with  the  aid  of  comparatively  simple  electric 
analogs,  examined  in  Section  6.  5. 

As  far  as  calculation  is  concerned  electrical  POS,  then  it  does 
not  differ  in  terms  of  special  specific  character  from  the 
calculation  of  other  thermal  users  of  current  and  difficulty  it  doas 
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not  represent. 

6.1.  Cyclic  heating  of  surface. 

The  cycle  of  the  work  of  the  deicer  of  cyclic  action  consists  of 
the  tine  of  heating  T*  and  tiaa  of  cooling  *<**•  ehich  in  saa  con  pose 
the  deration  of  cycle  Tu  =■  +  t0„. 

Page  168. 

Pig.  6.1  shows  the  typical  fora  of  the  teaperature  curve  of  cyclic 
heating*  which  is  change  in  the  tine  of  the  teaperatare  differential 
of  heater  of  relatively  equilibriua  teaperature  of  boundary 

layer  at  the  point  of  surface  in  question.  Since  as  this  follows 

fron  chapter  V*  can  be  equated  to  the  teaperature  of  surface  before 

the  iaclusioa/conaection  of  heating*  then  it  is  obvious  that 

\f„  (T  =  0)  =  u. 


A  teaperature  drop  in  surface  H.,  relative  to  the  teaperature 
of  the  external  flow  tt  easily  is  coaputed  if  necessary  according  to 
foraula  (5.5).  When  in  text  is  encountered  drop/juap  it 

specially  is  specified*  in  all  reaaining  cases  is  iaplied  la  the 
relatively  eguilibriua  teaperature  differential. 


- — - — in  i 


vr  itiiriftiifcnMifr  ‘jawhnir  tbia 
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Entice  dependences,  obtained  in  present  chapter,  are  related  to 
teaperatare  gradient  of  dry  surface,  what  is  on  the  basis  of  formulas 
(5.53)  completely  legitiaate  and  simplifies  the  fora  of  the 
calculations  of  dependences. 

As  is  known,  heat  propagation  in  solid  body  is  described  by 

equation  of  Fourier's  theraal  conductivity.  Jn  geaeral 

considered/exaained  task  it  is  necessary  to  solve  the  systea  at  least 

of  the  two-diaensional  equations  of  Fourier,  comprised  for  each  layer 

of  heated  bundle  or  each  part  of  the  heated  construction/design.  This 

systea  of  the  acceptable  analytical  solution  does  not  have,  but  its 

solution  in  digital  computers  also  is  sufficiently  labor-consuming, 

since  it  requires  the  exaainatioa  of  a  large  quantity  of  points  of 

variable  theraal  field,  usually  for  several  versions  of  heaters.  For 

these  purposes  are  aore  convenient  special  integrators  [44],  intended 

for  the  tasks,  described  by  equations  in  partial  derivatives, 

0,r€  f'cT' 

including  -  theraal.  However,  such  integratorsAalways  available  xe  the. 
designer. 
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Fig.  6.1.  The  temperature  curve  o £  the  cyclic  heating  of  surface. 

Page  169. 

Therefore  in  this  chapter  (Section  6.5  )  is  briefly  presented  the 
■ethod  of  the  construction  of  sufficiently  sinple  electric  analogs, 
thernal  processes  specially  fitted  out  for  simulation  in  surface 
heaters.  These  eodels  which  can  be  assenbled  in  any  instrument 
laboratory  they  make  it  possible  to  determine  all  necessary  thermal 
parameters  of  electrical  deicer,  nevertheless,  are  of  interest  and 
some  simplified  particular  analytical  solutions,  since  they  give  the 
possibility  more  clearly  to  present  and  to  analyze  the 
interdependence  of  the  separate  parameters. 

6.2.  Calculation  of  the  heaters  of  thin-valled  constructions/designs. 


Solution  of  the  approximate  equation  of  heat  exchange 
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is  a  result  of  the  fact  that  thin  walls  rapidly  are  waraed 
thoroughly  all  their  over  thickness,  theraal  process  iu  thea  with 
sufficient  precision/accuracy  is  described  by  the  approxiaate 
equation  of  heat  exchange.  It  is  based  on  the  fact  that  the  transient 
process  in  thin  wall  (or  bundle)  is  replaced  by  a  continuous 
series/row  of  the  stationary  processes  following  after  each  other  by 
duration  dr,  that  differ  froa  each  other  by  the  value  of  teaperature 
dt. 


we  will  be  restricted  to  the  solution  of  the  one-diaensional 
task  (question  about  the  theraal  leakages  along  the  skin/sheathing  is 
exaained  especially  in  Section  6.4),  after  taking  the  heating  bundle, 
which  consists  of  four  layers  (Pig.  6.2)  (nuaber  of  layers  can  be 
arbitrary,  but  their  overall  thickness  aust  not  exceed  2-3  aa). 
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id 

Ha*petn.mfjibHvu 
j/ie»enfn 

Fig.  6.2.  Diagram  of  heating  bundle. 

Key:  (1).  Heating  eleeent. 

Page  170. 

In  this  case  the  approximate  equation  takes  the  fora 

qdx  ^  K„±t,dx  r  KB\t,dx  +  (c,qA  -  ^6,6,  c4q,6. 

-  CaQa^i)  dt,  (6.1) 


•here 


K» 


ID 

urn.'M  ■  tpud. 


/•i  k% 


K„ 


d) 

omlM-epad, 


Key:  (1).  9/a«deg. 


(6.  2a) 


g  -  heat-flux  density  (the  specific  power) ,  isolated  by  heating 
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eleaent,  in  t/a*; 

A t,  -  a  taaperature  drop  in  the  heating  eleaent; 

C'  6  -  specific  heat  into  J/fcg«deg,  density  in  kg/a*  and  thickness 
>n 

of  the  layer a ■; 

Kk  -  coefficient  of  internal  and 


K*  -  the  coefficient  of  external  heat  transfer. 


The  saa  of  these  coefficients  is  equal  to  oxer-all  heat -transfer 
coefficient  froa  heating  eleaent  to  the  external  and  internal 
surfaces: 


(6-4) 


By  dividing  variable  and  integrating  by  tine  froa  0  to  preset 
tiae  of  heating  th  and  by  the  teaperature  froa  initial  teaperature 
drop  (r«0)  to  current  value  A/n  (x),  we  obtain  the  solution  of 
equation  relative  to  r: 


t  -  +£*'b±MS  in  [q  _  KiMy) 


(6.3) 


As  a  result  of  involution  and  soae  conversions  ve  have  siaple 
expression  for  deteraining  the  teaperature  drop  in  the  heating 
eleaent  in  dependence  on  the  heating  tiae: 


\dsmun- 
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(T)  =  (1  —  e~mx)  +  At,  (%)  e~mx. 


(6,4) 


where 

c iQi®i  r  CjQjfij  4-  f»Gj<5j  t  ^ 

-  rate  of  heating,  which  has  diaensionality  1/s; 

<*MTw)  -  residual/reaanent  teaperature  drop  in  the  heating  eleaent  at 

the  end  of  the  tine  of  cooling  next  cycle  (before  beginning  1st  cycle 

At,  (Tu„)  -=0). 


In  order  to  obtain  teaperature  drop  on  external  surface,  we  will 
use  equality  KHAt,  =  aAtn,  f  r0a  which  we  have 


VG.  G> 


The  nearer  valee  (*)  to  ^MT).  the  less  the  teaperature  drop  in 
exterior  layers  of  heating  bundle  and  thereby,  therefore,  it  is  nore 
aodern  in  theraal  sense. 


Solving  equation  (6.1)  for  the  case  of  cooling  when  q=0,  we 

obtain  the  ewen  siapler  dependence 

«Vn  (6.7) 

where  At,  (t„)  -  a  teaperature  drop  in  the  heating  eleaent  at  end  point 

of  heating  (at  the  cutoff  of  heating);  r*  -  tine,  calculated  off  the 
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beginning  of  cooling. 

Pag*  171. 

■ban  salecting  of  constructing/designing  the  heater  for 
thin- vailed  construct ion/design  it  is  necessary  to  focus  attention  on 
the  following.  Proa  the  coaparison  of  expressions  (6.2)  and  (6.5)  it 
is  possible  to  see  that  the  rate  of  heating  is  found  in  inverse 
dependence  on  the  square  of  the  thickness  of  the  layer  of  heater* 
i.e.*  even  a  saall  increase  in  the  thickness  of  the  layer 
significantly  depresses  the  rate  of  heating  and*  correspondingly*  the 
tenperatnre  of  the  heating  to  surface.  The  aforesaid  is  related  both 
to  the  external  ones  and  to  interior  layers  of  heating  elenent. 

In  spite  of  this*  designers  frequently  unjustifiably  overstate 
the  thickness  of  the  internal  iusulat ion/isolation  (discussion  deals 
with  thin-walled  heater) *  considering  that  this  nust  decrease  the 
losses  of  heat  inside.  la  actuality  they  are  usually  snail  and  then 
in  nany  instances  can  be  disregarded/neglected  (as  shown  in  exaepleW 
given  below)  *  whereas  since  the  value  of  the  internal  coefficient 
of  heat  eaission  usually  of  the  order  by  two  of  less  than  the 
external*  the  rate  of  heating  with  increase  of  internal 
insolation/isolation  noticeable  are  decreased  which  aakes  the  quality 
worse  of  cyclic  deicer.  Consequently*  the  thicknesses  both  external 
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aad  of  interior  layers  of  the  iasulatlon/isolation  of  thin-walled 
heater  east  be  selected  only  froe  the  condition  of  necessary 
dielectric  strength.  Only  with  the  thicknesses  of  lower  covering  on 
the  order  of  2  na  and  sore  ahkes  sense  to  soeevhat  increase  the 
thickness  of  internal  insulation/isolation.  However,  this  heater  will 
be  sufficiently  heat-inertial. 

The  sign/criterion  of  the  increased  inertness  of  heater,  besides 
the  low  rate  of  heating,  is  also  the  high  value  of  residua 1/reeanent 
teaperature  drop  (?«<).  which  contributes  to  the  fornation  of  barrier 
ice  as  a  result  of  the  fact  that  the  surface  longer  tine  is  in  the 
heated  state,  i.e..  the  increase  of  teaperature  froa  one  cycle  to  the 
next  is  not  the  positive  property  of  cyclic  heater,  as  soaetiaes  they 
count.  However,  on  the  contrary.  effective  deicer  anst 

provide  jettisoning  of  ice  froa  next  section  during  the  first  cycle. 
Therefore  subsequently  during  the  deteraination  of  the  paraaeters  of 
cyclic  deicer  let  us  exaaine  only  one  first  cycle  of  its  work. 

Specific  power,  heating  tiae  and  teaperature  drop  in  the  cyclic 
deicer. 

th«y 

These  three  pgr tasters  are  tightly  interlocked;  therefore  should 


be  exasine4 


together 


DOC  *  79116308 


PACE 


Solving  expression  (6.6)  relative  to  the  specific  power  (after 
being  restricted,  as  it  is  said  above,  by  the  first  cycle) ,  we  have 


*  =  - L_ 

*»  i  — «  s 


0  Km’ 


(6 .8) 


here  T«  -  the  heating  tine  and  X  (TJ  -  the  necessary  teaperatnre 
drop  of  cyclic  deicer,  about  which  the  speech  will  go  below. 


Page  172. 

valee  o --  I— e"'"T",  which  can  be  naned/called  the  function  of  the 
relative  (dinensionless)  teaperature  of  heating  surface, 
characterizes  the  speed  of  the  build- ep /growth  (fora  of  curve)  of  the 
teaperature  of  surface,  and  ratio  1/6  is  shown,  in  how  often  the 
specific  power  during  cyclic  heating  aust  be  wore  than  with  constant. 
In  other  words,  this  sense  is  the  coefficient  of  heat  efficiency  or 
the  coefficient  of  an  increase  in  the  specific  power  of  heater  during 
cyclic  heating  in  coaparisoa  with  peraanent  heating. 

Pig*  ,6.3  gives  dependence  1/6  on  tine  at  different  rates  of 
heating.  Proa  graph  it  is  evident  that  in  proportion  to  the  decrease 
of  tine,  beginning  with  soae  values  r,  value  l'*  begins  sharply  to 
grow/rise.  Consequently,  to  assign  the  heating  tine  it  is  less  than 
these,  critical  ones  with  respect  to  1/6  values  T«P  it  is 
inezpedient,  since  this  leads  to  sharp  increase  of  the  necessary 
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specific  power.  V&Im  tm-  tepu4s  also  on  the  rate  of  the  heating: 
the  higher  the  rate*  that  tm>  it  is  less*  as  can  be  seen  froe  the 
saae  figure. 


The  tiae  of  heating  cyclic  deicer  east  be  assigned  on  the 
basis  of  the  pernissible  duration  of  a  cycle*  quantity  of  sections 

and  available  power. , 


0  2  v  I  6  8  10  I  12  tv  IS  ra  20  ictH 

V - - - >  n 


Pig.  6.3.  Coefficient  of  the  specific  power  and  critical  time  of 
cyclic  heating  of  thin-walled  construction/design. 


Key :  ( 1 ) .  s . 
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For  clarity  the  heating  tiae  is  convenient  to  divide  into  two  phases: 
the  first  -  tiae  rtl  necessary  for  the  heating  to  surface  froa  t\,A  to 
0°C;  the  second  -  tiae  r2,  reguired  for  slight  aelting  of  the  snail 
layer  of  ice,  which  is  contacted  with  surface.  The  thickness  of  this 
layer  fi,  depends  on  anonats  of  the  external  forces,  which  affect 
ice,  and  the  surface  roughness.  Tiae  rt  can  be  approxiaately 
deteraiaed  by  the  foraula 


The  root~aean~square  roughness  of  the  lifting  surfaces  of  subsonic 

tenth's  ef 

aircraft  is  within  the  liaits  of  tse-three*  stores  ,  se 


operate 
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Inequalities  reach  the  tenth  of  ailliaeter  and  wore.  Therefore  for 
the  nonrotating  surfaces  it  is  possible  to  accept  A*  order  0.2  nn; 
for  the  rotating  parts  is  peraitted  considerably  saaller  value 
(because  of  centrifagal  force) ,  for  exaaple,  for  helicopter  rotors 
A*  it  cee  be  accept  in  average/aean  0. 1  an,  for  tailed  and  aircraft 
screws/propellers  -  order  0.03-0. 05  an.  Pig.  6.4  gives  dependence  r, 
on  the  specific  pover  of  heating  eleaent  with  different  ones  A*. 

Thus,  the  totnl  tine  of  heating 

+  t*  (6.10) 

Tine  r,  is  deterained  with  prescribed/assigned  q  froa  the  fornula 

Ti  *  ~ In ( 1  —  A/„ (tj)  —  •  ) ,  (6.  ID 

where  -  the  ainiaallj  necessary  tea  per  at  ore  drop  in  the  dry 

surface,  which  assures  under  conditions  of  icing  0. 

If  expression  under  logarithn  proves  to  be  negative,  then  this 
neans  that  during  given  power  and  constructioa/desiga  of  heater 
necessary  drop/juap  (**)  cannot  be  achieved  /reached  during  how 
conveniently  prolonged  heating. 
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Pig.  6.9.  Dependence  of  the  tine  of  slight  nelting  ice  on  the 
specific  power. 

Key:  (1).  s.  (2).  k«/a*. 

Page  174. 

During  calculations  of  cyclic  deicer  freguently  is  introduced 
unjustified  conplication,  actually  connected  with  the  deteraination 
of  drop/juap  indicated  ahote  A/n(T>^  therefore  this  value  requires 
sore  detailed  exaaiaatioa. 

It  would  seen  that  during  the  calculation  of  cyclic  deicer  it  is 
without  fail  necessary  to  take  into  consideration  a  layer  of  ice. 
possessing*  as  is  known*  sufficiently  good  theraal  insulation 
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properties.  However*  in  tiiis  case  ieeed lately  arises  guest ion,  what 
thickness  and  thereo physical  constants  of  ice  should  be  been 
assigned,  since  the  fora*  the  sizes/diaensioes  of  ice  built-up  edges 
and  their  physical  properties  are  very  diverse.  la  this  case  it  is 
obvious  that  the  condition  for  jettisoning  of  ice  is  heavier,  the 
less  its  thickness.  However,  with  saall  thickness  a  teaperature  drop 
in  a  layer  of  ice  becoaes  insignificant  (of  which  it  is  easy  to  be 
convinced  during  calculation)  and  itself  it  is  rapidly  warned 
thoroughly  all  over  thickness  following  the  surface.  This  leads  to  an 
increase  in  the  intensity  of  its  evaporation  (as  a  result  of  an 
increase  in  difference  en—elt  see  chapter  V) ,  which  in  turn,  slows 
down  the  heating  to  surface,  just  as  this  occurs  in  the  case  of 
heating  aoist  surface. 

In  other  words,  the  surface  covered  with  ice  is  warned  up  least 
of  all,  where  the  thickness  of  ice  coaes  to  naught.  Specifically, 
this  zone  of  the  descent  of  ice  corresponds  to  the  heaviest,  design 
conditions  on  surface.  The  location  of  this  zone,  naturally,  changes 
in  dependence  on  the  sizes/diaeasions  of  ice  built-up  edge.  Since  the 
sises/diaensions  of  ice  under  varied  conditions  of  icing  can  be  nost 
varied,  then  it  is  obvious  that  in  totality  this  calculated  zone  nust 
encospass  the  entire  surface  froa  leading  edge  (or  froa  the  zone  of 
action  of  ”theraal  knife”),  also,  to  the  end/lead  of  the 
prescribed/assigned  zone  heating. 


M 
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Virtually  this  leans  that  the  calculation  of  the  tenperature  of 
surface  during  cyclic  heating  can  be  fulfilled  according  to  the  sane 
foraulas,  that  also  for  a  noist  surface  (see  Section  i.e. * 

without  taking  into  account  the  theraal  resistance  of  a  layer  of  ice. 

The  validity  of  this  assignnent  of  external  design  conditions 
for  a  cyclic  deicer  (being  physically  obvious)  is  confined  by  the 
practice  of  nunerous  calculations  of  POS,  repeatedly  checked 
experinen tally.  However,  attenpts  at  the  account  of  a  layer  of  ice, 

I 

besides  the  coaplication  of  calculations  thenselves,  frequently  lead 
to  the  erroneous  results,  usually  occupying  the  anount  of  the 
specific  power,  as  a  result  of  which  the  required  effectiveness  at  a 
calculated  tenperature  of  air  is  not  provided. 

The  total  quantity  of  tenperature  drop  for  a  cyclic  deicer  in 
dry  air  for  the  coaplete  tine  of  heating  will  be  equal  to 

A/n  (x.)  =  A/„  (T.)  +  A/n  (Tj,  (6.  ! 2) 

where  -  seppleaentar y  tenperature  to  value  of  which  will  have 

tine  to  warn  up  the  surface  for  tine  rt. 


Page  175 
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Proa  the  graph  in  Fig.  6.4  it  is  evident,  for  exaaple,  that 
for  the  majority  of  the  cyclic  deicers  of  the  lifting  surfaces,  which 
have  specific  power  oa  the  order  of  15000-20000  i/a*»  at  the  average 
■peed  of  the  build-up/growth  of  the  teaperatare  of  2-3  deg/s  value 
A*niT>)  met  be  located  approxiaately/exeaplarily  within  Units  of 
5-10°C. 

During  the  calculation  of  cyclic  deicer  only  valee  \t„  (x,)  is 
deterained  unaabiguously  oa  the  basis  of  the  prescribed/assigned 
calculated  teaperatare  of  icing  Proa  the  reaainiag  two 

paraaeters  -  the  specific  power  and  heating  tiae  -  one  aust  be  known, 
then  another  can  be  deterained.  In  connection  with  this  it  is 
expedient  to  exaaine  the  following  calculated  cases. 

1)  The  heating  tiae  is  prescribed/assigned  approximately, 
accepting  it  for  tiae  rt,  according  to  formula  (6.8)  we  deteraine  by 
q,  then  through  the  graph/curve  of  Pig.  6.4  we  find  r2(q),  the  total 
heating  tiae  will  be  egual  to  their  sua  T»  =  T|W*. 

This  case  can  occur  for  a  system  with  the  autoaatically 
adjustable  cycle  when  to  previously  assign  a  precise  value  of  tiae  is 
not  required,  or  for  a  systea  with  the  fixed/recorded  cycle,  if  there 
is  a  possibility  within  soae  la aits  to  change  the  speed  of  the  action 
of  coaautator. 
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2)  The  heating  ties  is  prescribed/assigned  strictly  (for 
exaaple,  for  a  systea  with  the  fixed/recorded  cycle) .  Jfa  this  case  at 
first  we  detereine  the  specific  power  approxiaately ,  without  the 
account  to  power  for  slight  aelting  of  ice:  j-rjID,  through  we  do 
not  find  t‘,  %  t,  (j),  then  we  deteraiae  T>  *  T«  -  t,  and  finally  we 
obtain  the  refined  value  g=g(r t). 

3)  Is  prescribed/assigned  specific  power  q.  According  to  foraula 
(6.11)  we  deteraiae  rt,  while  on  the  graph/curve  of  Pig.  6.4  -  a  tine 
r*  and,  therefore,  --  r4*r#.,Por  a  systea  with  the  fixed/recorded 
cycle  obtained  tine  T.  they  usually  round  to  the  large  side  to 
values,  which  can  be  provided  with  the  aid  of  the  available  of 
designer  switchboards. 

Daring  the  deteraiaation  of  tiae  heating  it  is  necessary  to  keep 
in  Bind  that  the  duration  of  entire  cycle  (deterained  by  the  product 
of  the  tiae  of  heating  aad  quantity  of  sections  of  deicer)  in  the 
prescribed/assigned  range  of  the  design  conditions  of  icing  aust  not 
be  aore  than  peraissible  value  Otherwise  it  is  necessary 

to  decrease  either  a  heating  tiae  or  a  quantity  of  sections  (or  and 
that,  etc.).  On  the  other  hand,  one  ought  not  the  heating  tiae  to 
establish/install  less  as  has  already  been  spoken,  this  will  lead 
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to  irrational  expenditure  of  energy. 

Exaaple  6.1.  Calculate  tee  teaperature  drops  on  the  surface  of 
heating  bundle  for  the  tine  of  heating  *»=40  a  uith  the  following 
data:  g*15000  l/n*;  W-t*"*  ■  (Varalnin) ;  X*=X%=120  V/(a*deg); 

ct=c4=0.  88»103  J/(Jcg»deg);  at  =  e«  “  3700  kg/n*;  62=6S=0.5«10  "*  a  (pasted 
BP- 2  fiber  glass  f a brie) j  xa=X»=Q.5  l/(n*deg),  ca=c,= 1.26x10s 
J/(kg»deg);  /«&  kg/a*. 
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Average  heat-transfer  coefficient  we  accept  C=300  B/n*«deg. 
During  the  calculation  of  the  coefficients  of  heat  transfer  ve  see 
that  by  ratio  6/x  for  netaiiic  layers  it  is  possible  to  disregard 
coapletely  in  coaparison  with  other  teras  in  the  denoninators  of 
expressions  (6.2).  Purthernore,  when  <*,  to  20-2$  V/n**deg  with  error 
not  nore  than  lOo/o  it  is  possible  to  disregard  /rB  in  conparison  with 
This  precision/accuracy  of  designing  calculation  is  conpletely 
sufficient,  since  physical  constants  theaselves  and  other  reference 
data  hardly  can  be  previously  known  with  larger  precision/accuracy. 
According  to  fornula  (6.5)  we  deternine  a  -  0.0417  1/s  and  further 
according  to  foranla  (6.6)  ae  find  (v«h0)  *41*  c.  The  results  of 
calculation  a<„  in  the  function  of  tine  are  given  in  the  fora  of  graph 
in  Pig.  6.5a.  There  is  given  the  curve  of  the  heating  of  the  sane 
heater,  but  with  6t-2  aa,  and  also  for  a  coaparison  -  curves, 
obtained  for  these  exaaples  on  electric  analog.  Graph  in  Pig.  6.5b 
shows  that  with  the  thickness  of  internal  wall  6  aa  the 
precision/accuracy  of  calculation  according  to  fornula  (6.6)  is 
already  clearly  insufficient  and  nore  precise  fornula  (6.21), 
exanined  in  the  following  section. 


ooc 
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Fig.  6.5.  Carvea  of  the  heating  to  the  aurface: 


a)  with  different  thicknesses  of  the  outer  covering  (64=0 
with  the  thickness  of  the  lower  covering  by  6«=6  an  (6,=0 


5  an)  ;  b) 
5  aa)  . 


Key:  (1).  calculation  according  to  foraula.  (2).  electric  aodeling. 
(3).  s. 
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6.3.  Calculation  of  the  heaters  of  thick-walled  and  continuous 
construct ions/de signs. 

Solution  of  the  systea  of  equations  of  theraal  conductivity. 


Poc  solving  the  task  we  will  use  soaevhat  simplified  network,  in 
which  instead  of  the  separate  skins  (Pig.  6.6a)  is  exaained  seeaingly 
unifora  layer  with  the  eguivaient  values  of  theraal  constants, 
identical  for  external  and  interior  layers  of  the 
insulation/isolation  (see  Pig.  6.6b). 


The  eguivaient  (conditional)  values  of  indicated  constant  can  be 
calculated  according  to  the  following  foraulas: 


and 


where 


and 


a‘  =  ^(6',3a> 


(6.  136) 


(«•  14a> 


h  Ana  | 

#M2  +** 


i»»»  ^ 


1>U 

(6.  14^) 


'‘■CV.J  l9»»  1 

CQi - ra;,7~  • 

(6.  15a) 

‘•Vi  - 


(6.  15|) 
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Pig.  6.6.  Hetvork  of  the  kcatu  of  the  thick-vailed 
const  ruction/design : 

a)  the  diagraa  of  the  construct ion/design;  b)  equivalent  diagran. 

Key:  (1).  Heating  eleaent. 

Page  17S. 

The  thickness  of  the  layer  6,,  ahich  we  conditionally  "occupy"  in 
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■etallic  body,  always  it  is  possible  to  fit  such  that  atsa2.  The 
origin  of  coordinates  we  accept  in  the  plane  of  the  heating  eleaent 
of  Pig.  6.6b. 


In  the  case  of  one-dinensional  task  for  the  accepted  by  us 

diagraa  we  have  a  systea  of  three  eguations: 


0X~  OX*  "* 

i)  \t,  (t|T)  ')  \t.,  (  v,T) 

Ox  '  ~  a  "  Ox*  * 

■?A/m  (.t,T)  0  \  t .  (Xjt) 

dr  ~  ““  dx* 


(6.  16) 


under  the  following  initial  end  boundary  conditions: 

T  =  0 

1 )  \t,  (  V,  0)  M.  (r.  0)  --  \t,  (r,  0)  =  o, 
jc  =-  0 

2)  Vj  (0,  t)  —  A/t  (0,  t)  =  0, 


i  0  dt i  (0,  t)  ,  dA/t(0.T) 
A,  dx  K  ^ 


dx 


4)  ^  A/,  <«,.  t)=0. 


(6.  17) 


x  -  6.j, 

5)  \f,  (6,.  t)  -  A/„  (A.Jt  t)  =  0, 

6)  -  1  _  x  T>  =,  0! 

*  dx 

The  solution  of  systen  (6. 16)  is  expedient  to  fulfill  by  the 
aethod  of  the  transfora  of  Laplace  [35],  introducing  for  this  the 
following  inaye: 

L  |A/(x,  t)|  —  [T  (x,  p)\  -  St  (x,  t),  (6.  1 8) 


where  p  -  operator  of  Laplace  (i.e.  L  [At(x,  v)  ]  it  is  the  iaage  of 
function  ht(x,  r)). 
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D«rif«tln  of  ingi  on  tM  coocdiiat*: 

=  ir  (x.  p)  1  =  a/'  (x.  t). 

Pago  179. 


(6.  19) 


Without  setting  forth  coarse  of  solution,  let  us  give  the 
results  of  detersining  the  teaperature  of  external  surface  (i.e.  with 
x»6t)  for  soee  particular  tasks,  relative  to  iaage  the  solution  will 

be  egaal 


IT ,  (Mi  =  — ,  , 

Ip  I  \ 


4  (— i) 


J 

a 


_ I  —  h  (—2Et)  —  h  (xM)  ( -2£.,)  -  (x„)  <--2£.) «  ->/:„) 

I  ft(x)(— 2E,l(~2Ej)  - /i  (xj  (— 2/:u)  -  l*)  (/,,)(  '_>/  ,)  i 

(l>.  I’ll) 


where  ere  accepted  the  following  designations: 


(£,)  =  exp  (]/  -£- 8, );  exp  I  -  |  -?«,): 

(2£)  =exp(2  }  )  ii  t  a  ; 


-  /. 


m 


"  K» 


a 


h  = 


I  —  A 
l  t  1' 


A  =  =  being  the  ratio  of  the  coefficients  of  the 

heat swell  of  insulation  and  aetal*  characterises  the  degree  of  the 
diversity  of  their  theraal  properties. 


t 


yn 
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tbs  siaplest  MlatiM  is  obtained  foe  tbs  csss  of  beating  tbs 
seal- restricted  body  whose  theraophysical  properties  are  close  to  the 
properties  of  the  theraal  insulation  layers  of  heater,  i.  e. 
virtually,  when  heater  is  estaalished/installed  to  thick-walled 
aoaaetallle  body,  since  in  this  case  the  teras,  which  contain 
exp  (— 2  al*°  coefficient  h  will  be  equal  to  zero,  is  a 

result,  passing  to  original  [11],  as  obtain  for  this  case  tbs 
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following  so  1st  ion  of  «  relatively  tnnpnrntnrn  drop  in  the  sarface: 

-  ^[erfcf-^-)-  exp  (x«,  x-’ar)  x 

xeffc(TP^"fxV“")l-  (&21) 

Page  180. 

This  fornala  can  be  presented  also  into  soaewhat  other  fora  through 
the  fourior  nnabers  Fo»av/6*4  and  Biot  Bi4«e64/h: 

X  <T)  -  i  ["fc  |  -^rr)  -  exp  (Bi,  -f-  BijFo,)  x 

orfc(jrW  :  Bil  r°*)]-  (6-2,ai 

The  tigering  hern  function  orfc (s) ■  1-erf  (z) ,  where 

* 

erf  (i)  —  probability  integral  (error  function  for  Gauss)  , 

’  ^  <»  .•  i* 

known  that  into  none  what  other  fora  C6):a>(2)  ^  L£._  \e  T  dt  which  is 

V 

connected  with  erf  (n)  with  the  dependence 

erf  (z)  r-_  <D(z  V  2)- 

The  tables  of  one  or  the  other  torn  of  integral  are  given 
usually  in  aany  aanuals  on  a  at  he  antics  (for  ezaaple,  [6]),  and  also 
in  specialized  literature,  in  particular,  in  [51]. 

Brpression  (6.21)  contains  the  uncertainty/indeterninancy  of 
fora  -*0  (with  z-»-,  exp(z)~»«,  srfc (z) ->•) ,  which  easily  is  opened 
naaely:  the  second  tern  in  brackets  approaches  0  with  r- **. 
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FOOTS OTB  *.  For  example,  according  to  l*Hopital*s  rule.  BMDFOOTHOTE. 


The  solution  for  the  seal-bounded  setallic  body  is  obtained 
already  such  a or a  coaplicated  -  in  the  fora  of  the  infinite 
convening  series.  Being  lxaited,  for  exaaple,  in  iaage  by  two 
aeabers  of  Mtie«Ao<«  we  have  in  original  the  follosing  solution: 


n 


1  I 

3  I 


erlc  I '  1  ~  **P  (*6t  -y  x4a*)  X 

1  2  V  ox 


o\p(X(\  xl’ ft.,  •  XSUT)  erfc  f  -yp=*-  -  x  |  Jr )  j  ;  •  22) 

It  Is  easy  to  note  that  the  first  aenber  of  this  expression  is 
preceding/previous  solution  (6.41)  for  nonaetallic 

construction/design,  whereas  second  with  factor  h  -  characterizes  the 
decrease  of  the  teaperature  of  surface  due  to  the  suppleaentary 
leakage  of  heat  in  aetal.  In  order  to  explain  the  legitiaacy  of  the 
obtained  solutions  conforaably  for  one  or  the  other  practical  task, 
it  is  necessary  the  thickness  of  body  to  coapare  with  the  length  of 
theraal  wave  for  the  tiae  interval  in  guestion. 


Page  181. 

The  teaperature  of  heating  (in  our  case  teaperature  drop 
relative  to  the  initial  teaperature)  the  unifora  seal-restricted  body 
at  a  distance  of  x  froa  heat  source  is  deteraiaed  by  the  dependence 

A/ (x,  x)  «=  exp  (x  Y~)-  (ft.  23) 


DOC  *  79116309 


tkajm 


Pig.  0.7.  Mp«aduc«  of  the  length  of  theraai  wane  (with  **10o/o)  in 
naterials  with  different  theraai  diffusiwity. 


Key:  (1).  a*/s-  (2).  s. 


Page  182. 


Since  the  theraai  nawe  does  not  hawe  clearly  eapressed  leading 
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edge,  then  its  length  can  he  determined  only  with  soae 
prescribed/assigned  precision/accuracy,  i.e. 

x(N,  T)  =  -^ln-^.  (6.24) 

where  'V  =  •  100%  -  the  repaired  precision/accaracy. 

If  the  thickness  of  the  body  of  one  order  or  aore  than 
wavelength  for  the  estiaated  tiae  of  heating,  then  body  can  be 
considered  seai-bounded  and,  therefore,  the  obtained  solutions  for  it 
are  valid. 

Pig.  6.7  shows  the  dependence  of  wavelength  from  H=10o/o  in 
aaterials  with  different  coefficients  of  theraal  diffusivity. 

Taking  into  account  that  the  tiae  of  cyclic  heating  does  not 
usually  exceed  30*40  it  is  rare  60  s,  froa  graph  it  is  possible  to 
see  that  in  nonaetallic  aaterials  (which  have  coefficient  a  of  order 
0. 3«10~*  a*/s)  theraal  wave  for  this  tiae  is  propagated  in  all  to 
several  ailliaeters.  This  aeans  that  solution  (6.21)  is  applicable 
for  the  calculation  of  heating  virtually  all  nonaetallic 
constructions/designs,  aoreover  its  precision/accuracy  the  higher, 
the  less  the  heating  tiae. 

Foraula  (6.22)  gives  the  considerably  understated  teaperature  of 


surface,  which  is  explained  by  two  reasons:  first,  for  the  exact 
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solution  ace  insufficient  two  aeabers  of  the  series/row  whereas  (with 
a  larger  nuaber  of  terns  foraula  becoaes  ver y  bulky) ;  in  the  second 
place,  with  the  real  for  flight  vehicles  the  warned  wall  thicknesses 
their  tenperature  as  a  result  of  rapid  warn-up  grows  considerably 
nore  rapid  than  this  would  take  place  with  seai-restricted  body. 
Therefore,  as  show  calculations,  for  netallic  wall  thicknesses  on  the 
order  of  S-20  an  it  is  possible  in  the  first  approxiaation,  to  also 
use  foraula  (6.21).  For  iateraediate  thicknesses  it  is  possible  to 
tentatively  take  the  average  value  of  tenperature,  calculated  by 
foraulas  (6.6)  and  (6.21). 

Internal  heat  flow. 

For  the  evaluation  of  the  heat  losses  inside  construction/design 
it  is  necessary  to  determine  flow  exitting  froa  a  heating  layer 
toward  internal  lasulatlon/iaolatioe.  This  flow  is  egual  to 

,,—**£*.  ,6. 25) 

Tenperature  field  t c(s,  r)  is  deter aiaed  by  the  sethod  of 

solution  of  systea  of  equations  (6.16)  relative  to  interior  layer  of 
insulation/isolation  analogous  with  the  preceding/previous  case. 

Page  183. 

is  a  result,  being  Halted  by  two  aeabers  of  series/row  (after 
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unity) ,  we  have 


—  2  exp  (2x6,  +  xax)  erfc|~?L-  +  x  |  at  |J  ~ 

.}  +*tri'(?k) 


+ 


r 


(6.  26) 


The  obtained  dependence  ban  very  peculiar  carve  in  tine  (Pig. 
6.8).  At  the  first  aoaent/torque,  until  the  heat  flux  qt  still 
achieves  surface,  both  flows  were  synaetrical  and  equal  to  qa-qtsq2* 
Further  increase  q2  is  explained  by  the  fact  that  in  the  beginning  of 
heating  the  quantity  of  heat,  renoved  fron  surface,?,  =  a a/„  snail 
(thus  far  is  low  AfJ,  therefore  the  large  part  of  the  heat  is  fixed 


inside 
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h=0.B 

.  _  -  {Ohm 

3S 

'■V 

uL 

s  - 

•N. 

L 

f - - 

i 

— 

~  S,-0,lnn 

— : _ l. 

■*ib 


Pig.  6.8.  Cerwe  of  a  change  ia  the  iateraal  heat  flow  in  the  tine: 


a)  in  the  electrically  heated  glass;  b)  in  heater, 
established/installed  to  aetal  blade/vane. 


Key:  (1).  s.  (2).  (glass  cloth). 

Page  189. 


In  proportion  to  the  heating  to  surface  occurs  the  redistribution  of 
flows  and  value  g2,  in  passing  by  through  the  aaxiaun,  subsequently 
is  decreased  (theoretically  to  zero) .  Virtually  due  to  the  presence 
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of  the  end  leakages  of  heat  internal  flow,  of  coarse*  always  reeains 
more  than  zero.  But  end  losses  Degin  noticeably  to  eanifest  itself 
daring  eore  prolonged  heating,  therefore  daring  the  calculation  of 
cyclic  heating  then  in  the  frrst  approximation,  it  is  possible  not  to 
consider,  with  exception  of  points,  close  to  the  boundary  of  heating. 
The  task  of  heating  surface  taking  into  account  the  end  leakages  of 
heat  can  be  sufficiently  simply  solved  with  the  aid  of  the  electrical 
simulation  (see  Section  6.5). 

It  is  obvious  that  tne  smallest  value  g2  occurs  in  the 
nonmetallic  construction/design  (see  Pig.  6.8a).  In  this  case  the 
solution  contains  only  one  member  after  unity,  since  h=0. 

It  is  interesting  to  focus  attention  on  the  fact  that  the 
internal  heat  flux  depends  not  only  on  the  thickness  of  internal 
isolation  6*,  but  also  fron  ratio  6Z/6|  (see  Fig.  6.8b) .  The  value  of 
internal  losses  depends  also  on  the  ratio  of  the  coefficients  of 
thermal  diffusivity  of  external  and  interior  layers,  if  they  are  Bade 
from  different  materials,  namely j  g2  is  inversely  proportional  ]  ~ 

Deteraination  of  the  specific  power  and  heating  time. 

Daring  heating  of  thick-walled  construction/design  the  specific 
power  also  is  deterained  on  the  basis  of  temperature  dropAfn(T,)  and 
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corresponding  to  it  tise  of  the  first  phase  of  heating  r,  (see  the 
preceding/previous  section).  Thus,  for  the  noneetallic 
con  st ract ioa/iesiga 

q  v.  \ta  ( x , )  - - - - - --- - -  j- - —  = 

erfc  I  /—  1  -  exp  (xft|  4-  x*a*T)  trfc  |  r  x  Kot  i 

1  y  ax  ?  V  j t  1 


\.n  (r,) 


(6.  27) 


where  e,  -  dimension less  function  of  the  heating  teaperature,  and 
ratio  1/0 |  -  coefficient  of  an  increase  in  the  specific  power  during 
the  cyclic  heating  of  thick-wailed  nonnetallic  construction/design. 


The  graph/diagraa  of  the  dependence  of  this  coefficient  on 
nunber  Fo*ar/6*t  with  different  ar-a6t  X  is  represented  in  Fig.  6.9a. 
As  in  the  case  of  thin-wailed  construction/design,  function  has  soae 
critical  values  of  nuabers  Fo ,  lower  than  which  curves  1/0 ,  sharply 
grow  upward.  Fig.  6.9b  gives  the  dependence  of  the  critical  tiae  of 
heating  rK„  oa  ratio  6*a/a  with  different  values  of  nunber  Bi. 


Page  185. 


As  already  aentioned  aoove,  the  first  aeaber  of  expression 
(6.22)  is  nothing  else  but  function  0t.  Designating  value  in  the 
brackets  of  the  second  tera  through  0X,  in  the  case  of  aetal 
construction  we  have 


ll>.  L\S) 
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Of  the  given  above  expressions  it  is  possible  to  see  that  the 
rate  of  heating  surface  and,  consequently,  also  the  heat  availability 
factor  are  located  in  or  the  reverse/inverse  dependence  on  the  square 
thickness  of  skin. 
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Pig.  6.9.  coatficiaat  of  tka  apacific  power  critical  tiae  of 
heating  thick-walled  cooatruction/desiga. 


Key:  (1).  a 
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pack  y/o 


liuplt  of  *.2.  To  calculate  temperature  drop  relative  to  the 
teeperatere  of  floe  stln  of  the  electric* Ilf  heated  glass;  q*5000  ■/**; 
6,*M10~*  a;  8**20»10*“*  a;  K*  *4.75  */m«deg;  «c,  *0- *1«10~*  e»/s;  rH  r 

=10  s;  Vo*150  e/s;  a*120  U/a<*deg. 

4I0-* 

le  find  erfc  Tv^TT^tw"  “•r4c  0. 988=l-erf  0.988. 

For  determining  this  value  we  sill  use  table  <P(*)  fro*  [6]:  erf 

0. 988*  o  (0.988  y2f*0. 838,  therefore,  erfc  0.988*4.182.  haalogoaslj  we 

fled  erfc  |  —  '  X  y'Si'l  =  0,0635,  Mhere  x  ~  -  160,  the*  exp  (xd  4-  xVt)  -=  2.117. 

\  2  y  ax  J  t. 

*fh*a  \tu  (r*10)  =  1. 2°c.  Finally  temperature  drop  relative  to  the 
temperature  of  airflow  will  be  egaal  to  Mia  -■=  \tn  o.ss—  to  *11.1°  c. 

The  curve  of  heatiag  s/„( t)  (relative  to  equilibrium  temperature) 
is  given  in  Pig.  6.10a. 
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Pig .  6.10.  Mating  of  tie  electrically  kutid  glass: 


a)  the  carre  of  the  heating  to  the  surface;  b)  teaperature  field 
according  to  the  thickness  of  glass  at  different  aoaent  of  tine. 

Key:  (1).  electrical  siaulation.  (2).  calculation  according  to 
foraula.  (3) .  s. 


Page  187. 

Bxaaple  of  6.3.  To  calculate  st „.t)for  the  heater,  exanined  in 
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exaaple  6.1,  froa  that  established/installed  to  thick  duraluain  wall. 
According  to  foraulas  (6. 13)  and  (b.  14)  we  deteraine  a2x0. 48  a*/s 
and  Xts1.0  V/a*deg. 

In  other  respects  the  calculation  is  analogous 
preceding/previous.  The  results  of  calculation  \mh  according  to 
£ornula  (6.21)  are  given  in  Pi g.  6.5b. 

6.4.  Account  of  the  effect  of  theraal  leakages,  determination  of  the 
paraneters  of  "theraal  knives". 

Effect  of  theraal  leakages. 

The  above-exaained  methods  of  calculation  of  heaters,  as  it  was 
stipulated,  do  not  consider  the  leakages  of  heat  beyond  the  Halts  of 
heating  surface.  Hith  the  large  width  of  heating  eleaent  the  value  of 
leakages  on  the  average  is  actually/really  snail,  but  near  boundary 
of  heating  it  becoaes  very  essential.  Therefore  the  less  the  width  of 
heating  eleaent,  the  stronger  affects  the  effect  of  leakages  heating 
of  an  entire  surface. 

Xt  is  logical  that  tae  theraal  leakages  depend  also  on  the 
construct ion/design  of  heater  and  theraal  conductivity  of  its  layers, 
first  of  all  -  outer  covering  (tipping) .  Therefore  for  different 
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heaters  the  effect  of  leakages  will  be  different. 

is  an  exaaple  Fig.  6.11  snows  the  distribution  of  the 
tesperature  of  surface  (in  relative  unity)  taking  into  account  the 
leakage  of  heat  for  several  versions  of  the  outer  covering  of  heating 
bundle.  For  a  comparison  is  shown  the  version  without  the  outer 
covering#  in  which  the  leakages  occur  only  on  the  lower  covering. 
Curves  are  obtained  on  the  electric  analog  whose  diagran  is  shown  in 
Fig.  6. 14. 


i'i ^rM  ireiliieri'iiiMwaiiii  r  tuif 
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Pig.  6.11.  Teaperature  of  surface  taking  into  aocoant  the  leakages  of 
heat  along  skin/sheathing. 

Key:  (1).  Boundary  of  heating  eleaent. 

Page  188. 

For  increasing  the  teaperature  of  surface  near  the  boundary  of 
the  warned  cone  it  is  necessary  theraal  leakages  to  coapensate  by  the 
appropriate  increase  of  the  specific  power  on  certain  width  in  the 
boundary  of  heating  eleaent*  aoreover  the  width  of  this  section1  and 
its  specific  power  are  interlocked,  which  in  aore  detail  shown  below, 
in  the  ezaaination  of  "theraal  knife". 


****** »  - 

. .  --»* . .  •  '  '■  -Mat 
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FOOTNOTE  *.  This  section  with  the  increased  specific  power  on  the 
boundary  of  the  cyclically  effective  heater  scaetiaes  is  coapletely 
erroneously  also  called  "theraal  knife".  BNDPOOTNOTB. 

Proa  the  aforesaid  it  also  follows  that  if  according  to  the 
calculation  (see  section  5.3)  the  distribution  curve  of  the  surfaces 
of  heat-flux  density  qn  (S)  it  will  have  sore  or  less  sharp  bend, 
then  in  the  presence  of  the  heat-conducting  outer  covering  there  is 
no  need  to  reproduce  this  bending  for  g(S)  in  heating  eleaent.  and  it 
is  possible  to  be  restricted  by  the  considerably  rougher,  stepped 
distribution  of  the  specific  power.  But  if  we  accept  the  even 
distribution  of  power  as  aost  siaple.  then  its  value  aust  be 
deterained  for  the  section  of  surface,  located  under  severe 
conditions  heating;  therefore  heat  on  reaaining  surface  will  be 
expended  coapletely  rationally. 

Deter Bination  of  the  paraaetecs  of  "theraal  knives". 

Thernal  leakages  ace  the  decisive  factor,  which  are  deteraining 
skin  heating  in  the  zone  of  "theraal  knife"  -  in  the  liaits  of  this 
zone  they  are  coaaensurated  with  external  heat  flux  and  even  they  can 
considerably  exceed  it.  Therefore  the  paraaeters  of  "theraal  knife" 
even  in  larger  aeasure  depend  oa  the  specific  construction/design  of 


heater 
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General  considerations  are  Mere  each:  specific  poser  <?r  *  of  the 
heating  belt  of  "knife"  and  its  width  bt.„  are  foand  in  the  definite 
dependence  -  the  less  the  width,  the  the  the  specific  power  eust  be 
above*  and  vice  versa.  Purtheraore*  the  less  the  width  of  belt*  the 
less  "knife"  consnses  powers*  is  spite  of  increase  of  the  specific 
power*  since  Qt  h  ^  <?r  „iy  „  is  decreased  in  proportion  to  decrease  V«' 
However*  the  asonnt  of  the  specific  power  should  not  be 
allowed/assoaed  very  large*  otherwise  even  snail  technological  defect 
with  the  ceaenting  of  heating  bundle  it  can  lead  to  its  hot  spot. 
Usually  the  specific  power  of  "knife"  sust  not  exceed  2.5-3  8/cn*.  on 
the  other  hand*  to  apply  tae  width  Of  belt  is  aore  than  30-40  nn  also 
inexpediently. 

Page  189. 

Pig.  6.12  gives  the  curves  of  the  relative  teaperature  of 
surface  in  the  zone  of  "thernal  knife"  depending  on  the  width  of  belt 
and  thickness  of  skin/sheathing,  hs  in  the  preceding/previous 
exaaple*  curves  are  obtained  on  the  electric  analog  (see  exaaple  of 
6.6). 
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Fig.  6.12.  Certres  of  relative  teaperature  drops  i»  the  surface  in  the 
zone  of  "theraal  knife"s 

a)  depending  on  the  thickaeas  of  skias/sheathiags  (aith  V.  »20  aa)  ; 

b)  depending  on  the  aidtk  of  Pelt  »T.«  C»itk  «,*0.5  aa) . 

Page  190. 


6.5.  ose/application  of  electrical  siaulation  for  the  theraal  design 


of  surface  heaters. 


To  electrical  simulation  is  devoted  sufficiently  such  literature 
[12],  [21],  [44],  [57],  £121  J,  [131],  [153],  [155],  etc.;  therefore 
here  there  is  no  need  for  stopping  on  the  theory  of  this  question  and 
the  general  nethods  of  simulation.  Proa  known  electric  analogs  for 
our  purposes  most  convenient  and  accessible  are  the  grid  models  which 
can  be  assembled  usually  from  finished  standard  resistance  and 
capacities/capacitances.  For  simulation  can  be  utilized  also  the 
grids  of  the  existing  electro- integrators,  as  for  instance,  EI-12, 
etc. 


As  is  known,  electrical  simulation  with  the  aid  of  such  models 
is  based  on  the  analogy  of  the  equations,  which  describe,  on  one 
hand,  thermal  processes  in  solid  bodies  and,  with  another,  electrical 
processes  in  the  circuits,  which  contain  resistance  and 
capacities/capacitances.  The  fundamental  condition  of  analogy  is  the 
equality  of  the  criteria  of  similarity  of  the  thermal  and  electrical 


tasks: 


£<y  _  RC,„n' 
*•*  ’ 


(6.  24) 


where  c,  q,  a.,  /  -  respectively  specific  heat  capacity,  density,  thermal 
condectiwity  mad  determining  size/dimension  of  each  part  of  the 
heated  body; 
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r  -  the  preset  tiae  of  the  heating; 

R-  C,.,  -  resistance  and  capacity/capacitance  of  the  electrical  circuit; 

T».»  -  tiae  of  the  course  of  the  electrical  process; 

n  -  factor  which  in  the  aajority  of  the  cases  can  be  accepted  equal 
to  unity. 

The  preparation  of  aodal  begins  with  the  laying  out  of  heating 
bundle  in  the  sections  whose  space  is  selected  on  the  basis  of  the 
required  precision/accuracy  of  the  solution  (precision/accuracy  the 
higher,  the  less  the  space) ,  aoreover  it  is  desirable  to  select  the 
relation  of  space  L  toward  the  thickness  of  fundaaental 
skin/sheathing  6,  not  aore  than  10  (Fig.  6.13). 

As  the  deteraining  size/di aension  depending  on  the  specific 
conditions  of  task  can  be  selected  any  of  the  sizes/diaensions 
(thickness  of  skin/sheathing  or  another  layer,  space  of  laying  out, 
etc.)  • 

Calculation  of  the  resistance  of  aodel. 

Depending  on  that,  such  as  size/diaension  is  undertaken  that 
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being  deteraining,  there  can  ee  the  following  cases: 


1.  As  the  deteraining  size/diaension  is  accepted  the  thickness 
of  skin/sheathing  6,  and  the  corresponding  to  it  resistance  is  equal 
to  R1#  then  the  resistance,  which  correspond  to  reaainiag  layers,  is 
deter ained  fron  the  relationships/ratios : 


Page  191, 


(6.  30) 


Each  subsequent  resistance  can  be  coapoted  also,  on  the  basis  of 
preceding/pre vious: 

R*  =  TT  j:  •  30a> 

2.  As  deteraining  size/diaension  is  accepted  space  AL,  then 

corresponding  to  it  resistance  is  equally 

Rxu  -  R,  (  Aay'-):.  Pi.  31) 

3,  If  as  deteraining  size/diaension  is  accepted  space  At  and  to 
it  corresponds  resistance  ffu,  then 

K'-Mi'f  )’■  16  321 

Latter/last  two  foraulas  are  valid  it  goes  without  saying  and 
for  reaaining  layers. 


assistance  Ra,  which  corresponds  to  the  theraal  resistance  of 
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boundary  layer  (value,  inversely  proportional  to  heat-transfer 
coefficient  a) ,  is  determined  through  the  resistance  of  the  surface 


layer;  if  the  latter 

is  eqanl  to  ■«,  then 

(6.  33a) 

and  vice  versa 

*•  -  *■  t  ■ 

(6.  3 3* 

Calculation  of  electrical  capacitances. 


The  value  of  the  deteraining  electrical  capacitance,  which 
corresponds  to  the  heat  capacity  of  a  layer  in  question,  is  located 
through  the  formula 


C 


Ho*/?  aR  i 


(6.  34) 


where  Fo  -  -  the  fourier  number,  la  reference  to  the  determining 

sise/dieensioa  of  the  layer  in  question; 


B  -  resistance,  which  corresponds  to  the  determining  size /dimension; 

* 

t„  -  time  of  the  electrical  simulation;  it  is  selected  on  the  basis 
of  the  available  reserve  of  electrical  capacitors/condensers  and 
characteristics  of  measuring  and  registering  apparatus,  if  the 
recording  equipment  is  low-inertia  and  moving  rapidly,  then  time  t„ 
can  be  little,  therefore,  will  be  required  small  amounts  of 
capacitance.  Usually  for  models  in  question  it  is  accepted  within 
the  limits  from  tenths  co  several  seconds. 


I 


■  tux..  .  -no * 
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Page  192. 

Simulation  of  heat  source. 

Since  the  tenperature  of  heating  elenent  in  proportion  to  the 
decrease  of  heat  enissicn  can  grow/rise  to  high  values,  then  also  in 
electric  analog  it  is  necessary  to  create  the  appropriate  conditions. 
For  this  in  the  circuit  of  current  source  it  is  necessary  to 
include/connect  the  supplenentary  of  resistance  RH„  of  the  largest 
possible  value.  But  since,  on  the  other  hand,  it  is  liaited  to  the 
allowable  voltage  of  feed/supply  or  to  the  sensitivity  of  measuring 
equipment,  then  it  should  be  accepted  at  least  by  an  order  more  than 
the  sum  of  all  resistance  of  model  from  the  point  of  the  connection 
of  source  (afterward  /?HCT)  to  Rn  inclusively.  For  esaaple.  for  the 
diagram,  shown  in  Fig.  6. 13.  Rut T  S*  10  (/?,  -  Rt  ~  Ra). 
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Pig.  6.13.  Schenatic  of  kMtiag  beadle  tai  its  electric  analog. 

Page  193. 


If  specific  power  g  is  persaaent  by  the  area  of  heating  eleaent, 
then  Rn„  at  all  points  aust  be  egually.  But  if  g  is  changed  over 
surface,  then  aaxiaua  fcoa  these  values,  for  exaaple,  g(,  should  be 
accepted  for  basis,  and  to  it  aust  correspond  obtained  of  the 
condition  indicated  above.  Then  at  retaining  points  R„cu  it  is  equally 

^«CT<  ~  ^?«CT1  •  (6.  33) 


If 
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Ret hods  of  siaplif ication  in  the  aodels. 

In  aany  instances  it  aanages  without  the  considerable  decrease 
of  the  precision/accuracy  of  the  solution  to  considerably  siaplify 
the  scheaatic  of  electric  analogs*  which  is  very  convenient  for  their 
practical  use.  Let  us  exaaine  several  exaaples. 

To  account  for  thernal  leakages  along  skin/sheathing  the 
unheated  part  of  it  also  aust  be  siaulated.  However*  since  the  length 
of  unheated  part  is  sufficiently  great  (up  to  tail  piece  of  the 
profile/airfoil)*  for  its  siaulation  is  necessary  a  very  large  nunber 
of  eleaents/cells  of  aodel.  However,  it  proves  to  be  that  there  is  no 
need  in  a  large  nunber  of  such  eleaents/cells  which  let  us  naae/call 
cells  (Pig.  6.14),  since  beginning  with  certain  nuaber  of  cells 
further  elongation  of  diagraa  virtually  does  not  increase  the 
precision/accuracy  of  the  solution.  The  quantity  of  cells,  which  aust 
be  taken  for  obtaining  the  prescribed/assigned  precision/accuracy  of 
siaulation,  depends  on  the  relationship/ ratio  of  resistance  RiL  and 
Ra  (Pig.  6.15).  Proa  Pig.  6.16  and  6.16  it  is  evident  that  with  an 
increase  in  the  quantity  of  cells  aore  than  5-8  resistance  R*  with  an 
accuracy  to  several  percentages  (in  this  case  of  approxinately  So/o) 
reaain  constant/invariable. 
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Horeover,  if  the  tenperature  distribution  on  unheated  part  is 
not  exanined,  but  it  is  required  to  only  consider  its  effect,  then 
all  cells,  beginning  vith  point  K,  it  is  possible  to  replace  with  one 
equivalent  resistance  (see  Fig.  6. 14) .  The  value  of  this 
resistance  can  be  calculated  according  to  the  usual  fornulas  of 
electrical  engineering  for  series-parallel  circuits  or  deternined 
prelininarily  experinentally  on  the  nodel  being  investigated. 

For  an  exauple  following  table  gives  RM  for  several  values  R. 
and  RlL  is  anyone. 


t 

50 

20 

10 

10 

10 

5 

1 

10 

1 

10 

20 

1 

I 

2 

27,8 

5.2 

16,3 

27.2 

2,8 

2.7 

2.6 

Table  6.1 
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Page  194. 


(ft 


Pig.  6.14.  SlnUtloi  of  frligo  area  of  heatiag  eleaent: 

a)  schaaatic  of  electric  analog  of  fringe  area;  b)  siaplified  (it  is 
equivalent)  diagraa. 


Key:  (1).  Heater.  (2).  Unseated  skin/sheathing 
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Pig.  6.15.  Hlainun  9111  tity  of  "equivalent ■  cells  of  aodel  depending 
on  relationship/ratio  of  their  resistance. 

Page  195. 


Daring  the  calculation  of  capacities/capacitances  for  the 
unheated  part  of  the  skin/sheathing  as  the  deteraining  size/diaension 
should  be  taken  AL  and  respectively  resistance  RiL, then 

-it*  i»ji 

ax  '  R'iL  ■  «*•  >b> 

The  corresponding  equivalent  capacity/capacitance  is  deter ained  froa 
the  cendition 

(Ril  '2R *l  ~r  3R f  •••'.  i  -  ^>ku R<> 

where  n  -  a  nuaber  of  cells*  necessary  for  siaulatloa  of  unheated 
sk in/ sheathing  (see  Pig.  6.15); 

#c  ■-  supplenentary  resistance  in  the  circuit  of  capacitor /condenser. 
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lalau  C,*»  aid  Rc  can  be  selected  any  in  the  Units  of  the 
condition 

C,  K.fle  =  const. 

Osnally  thernal  resistance  and,  consequently,  also  corresponding 
to  it  resistance  Rt  of  electric  analog  is  aore  than  to  two  systeas 
lower  than  resistance  of  insulating  layer  Bz.  Therefore  in  the 
najority  of  the  cases  it  can  be  disregarded/neglected  or,  at  the 
worst,  it  is  siaple  to  add  it  to  However,  the  heat  capacity  of 
skin/sheathing  it  is  not  possible  to  disregard/neglect,  and  it  is 
possible  only  corresponding  to  it  electrical  capacitance  Cj  to  add  to 
capacity/capacitance  C 2.  it  is  analogous  for  renaining  layers. 


H 


\ 
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Fig.  6.16.  Patio  of  the  value  of  "equivalent"  resistance  to  the 
resistance  of  cell  depending  on  a  nnnber  of  cells. 


Page  196. 

Further*  with  the  sore  or  less  symmetrical  conditions  of  heat 
emission  on  both  sides  from  the  middle  of  heater  (usually  passing 
approriaately/exeaplarily  on  leading  edge)  it  is  possible  to  simulate 
only  the  half  of  the  width  of  heater  element/cell.  In  this  case  the 
diagram  from  the  side  of  the  rejected/thrown  half  remains  extended. 

Bringing  the  results  of  simulation  to  the  conditions  of  thermal  task. 


Determination  of  temperatures.  The  temperature  of  the  surface 
(or  temperature  drop)  of  heating  element  is  determined  on  the  basis 
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of  the  following  considerations.  As  is  known,  temperature  drop  on 
surface  for  the  one- di sessional  stationary  heat  flux  (when  the 
leakages  of  heat  along  skin/sheathing  are  absent)  at  each  point  of 
surface  is  egual  to 


A^(t  =  0)  = 


Voltages  at  the  points  of  nodal,  which  correspond  to  the  surface 
of  heater,  are  deterained  froa  the  relationship/ratio 


U  n  (r  =»  »)  = 


A« 


^HCT  +  Rl  +  Wj 

(or  directly  are  aeasared  on  aodel  when  RiL 


(6.  38) 


oo). 


Relative  voltages  at  the  arbitrary  aoaent  of  the  transient 
process 


'  un(T^)’ 


(6.  39) 


where  U„(t)~  eeasured  stress  level. 


Proa  the  condition  of  the  siailarity  of  the  electrical  and 
siaulatable  theraal  process  we  obtain  the  unknown  value  of  the 
teaperature  at  the  point  of  surface  in  question  at  any  aoaent  of  the 
tiae 

A/„  (T)  ~  A t„  (T  =  J3)  •  U„  (T).  <0.  40) 

The  teaperature  of  reaaining  layers  is  deterained  analogously. 


During  deteraination  the  temperatures  of  uaheated  skin/sheathing 
value  At  (r*»)  and  corresponding  to  it  voltage  u„  (r *-)  are 
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determined  for  the  latter/last  point  of  heating  element,  which 
adjoins  directly  the  unheated  part  of  the  skin/sheathing,  further 
tenperature  is  deterained  froa  formula  (6.h0)  . 

Page  197. 

Deteraination  of  heat  fluxes.  To  heat  fluxes  correspond  ia 
electric  analog  electric  currents.  To  the  total  guantity  of  heat  Q». 
isolated  by  heating  eleaent,  corresponds  total  current  /*,  coasuaed  by 
aodel.  Heat  fluxes  in  separate  structural  parts  Q,  are  deterained 
froa  the  relation 

Q,  (fv  41) 

where  /,  -  a  circuital  current  of  that  section  of  aodel  which 
corresponds  to  the  part  of  nature  an  question. 

Exaaple  of  6.4.  To  calculate  electric  analog  and  to  determine 
the  necessary  specific  power  of  the  "thermal  knife" , 
establishoi/isstalled  oa  uaswept  wing  in  the  heating  bundle,  examined 
in  exaaple  of  6.1,  *r  „  "20  as,  W<  "-30*  C.  As  design  conditions  (as 
this  follows  froa  Section  5. 4)  as  accept  8=1000  a,  ¥o*150  a/s.  For 
deteraining  the  heat-transfer  coefficient  we  will  use  graph  in  Fig. 
5.2,  froa  which  we  obtain  the  value  of  heat-transfer  coefficient  on 
leading  edge  e*200  R/n*«deg.  he  accept;  AL|*10,  6,*5  as,  RiLt  *4 
kiloohs.  Ve  deteraine  according  to  foraula  (6.32)  «»»40  oh as. 
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according  to  fornula  (6.30)  k*=16  hiloohn,  l3*16  kiloohw,  B4=40  ohns, 
Ru..  *9  kilooha,  accord  lag  to  foraala  (6.33a)  Ra  -64  kilooha, 

»  io  (4a  +  -  Rjm  too  kilookn.  Obtained  oa  this  aodol  carves  of 

relative  teaperature  drops  ia  the  surface  are  shown  in  Pig.  6.12a. 

The  reguired  aaount  of  the  specific  power  of  "knife"  we  deternine 
froa  relationship/ratio  ?T  „  =  ?„=-  where  <r„  ««<0-t*1)  x=6000  w/a*  we 

i  n 

deternine  according  to  foraala  (5.37),  »0*  C  and  H-1000  a. 

Consequently,  for  an  exaaple  in  question  in  accordance  with  Pig. 
6.12  v,  „  —12500  k/u*. 

Exaaple  of  6.5.  To  deteraine  the  specific  power  of  the  "thermal 
knife",  analogous  preceding/ previous,  but  established/installed  on 
delta  wing  at  W.  —30°  C  and  -20°  C.  Heat-transfer  coefficient  is 
deternined  oa  graph/cwrve  in  Pig.  5.3,  moreover  in  this  case  one 
should  consider  that  the  zone  of  the  increased  value  a  is 
sufficiently  narrow;  therefore  into  calculation  should  be  taken  the 
average  value  of  coefficient  in  the  carrying  which  is  equal  order  600 
■/(■*"deg).  Consequently,  with  t0— 30°  C  the  specific  power  of  the 
"knife  la  gnoatioa"  oast  he  equal  to  about  31000  k/a*.  kith  the  width 
of  belt  br.a  *30  an  *  *  it  can  be  reduced  to  25000  k/n*.  curves  ia 
this  case  differ  soaewhat  froa  preceding/previous  see  Pig.  6.12b).  it 
/.pk*  *-20*C  *.«  aaat  be  about  19500  k/a*  with  ft,.,  *20  an  and  about  16000 
■/a*  with  ftr.a  *30  aa.  Logically  (as  it  folloaa  froa  Pig.  6.12),  with 
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an  increase  in  the  thickness  of  skin/sheathing  value  At  is  decreased 
and,  therefore,  required  valse  <tr.«  grows/rises.  Comparing  the  results 
of  the  examined  two  exasples,  it  is  easy  to  explain,  for  exaaple, 
then  the  fact  that  "thermal  knife"  of  the  stabilizer  of  An* 10,  which 
has  »r  „  *13  as  sad  <h.»  *1.2  S/ca*  [5d],  has  approxiaately/exeaplarily 
the  sane  effectiveness  of  action  as  the  "theraal  knife"  of  the 
aircraft  of  Tu-114,  which  has  th . „  *20  as  and  *.■  *1.0  */ca2. 

Exaaple  of  6.6.  To  calculate  electric  analog  for  the 
electrically  heated  glass,  examined  in  exaaple  of  6.2.  Negligible  by 
heat  flow  along  glass  (i.e.  we  are  Halted  to  one-diaensional  task)  . 
He  accept:  for  deter mining  size/diaension  6,=4»10"3  a,  for  the 
deterainiag  tiae  r- 1 80  s,  x„  *3  s,  Bt  =  16  kilooha,  <*=120  H/(n*»deg). 
According  to  foraulas  (6.30)  aad  (6.33)  we  find  kt*80  kilooha,  /?„  *26 
kilooha.  According  to  foxaula  (6.36)  cM1  -  ofn5=rW-TrW  *42*10'«  f*42 
mF.  »ith  respect  c,„,  *210  -fee  pF.  Additional  resistance  in  the  circuit 
of  source  t  — 600  kilooha.  For  obtaining  the  teaperature  field  by 
the  thickness  of  glass  (aad  also  for  increasing  the 
precision/accuracy  of  the  solution)  we  dlvide/aark  off  6t  into 
several  layers,  for  exaaple,  A,  to  4  layers  by  1  aa  6t=4A6,. 
Respectively  R|*6A1(,  cMI  =-  4Acmi;  6«  ae  divide/aark  off  into  10  layers 
by  2  an.  The  obtained  as  a  resalt  of  siaulation  teaperature  field  in 
glass  is  shown  in  Fig.  6.10b. 


